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Monitor.
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SECTION I
INTRODUCTION

The purpose of the Control Moment Gyro (CMG) Fine Attitude Control System
(FACS) Study was to identify, analyze, design, and specify an attitude control
system capable of providing fine pointing accuracy and very low attlitude drift
rates. This study elected to conduct detalled sizing and system design predi-
cated on the Apollo CSM since characteristic data was readily available for this
vehicle. The CMG system discussed, however, is applicable to any orbiting
planetary or lunar spacecraft which requires fine pointing accuracy, has a mod-
erate disturbance torque profile, and requires high reliability and long life-
time. Such a spacecraft presently being investigated is the free flying
experiment module to be used with an earth orbiting space station.

The principal tasks accomplished during this study were the following:

e Competitive Control Systems Compared

e A Fine Attitude Control System Synthesized

¢ Dynamlc Analysls by Analog Simulation Conducted

CMG Momentum and Stability Envelopes Established

CMG Steering Laws Investigated

CMG Momentum Unloading Techniques Investigated

Fallure Modes and Effects Analysis Conducted

Reliability Analysis Conducted

Monitoring and Failure Detection Techniques Established
Operational Procedures and Performance Specifications Established

Initially, the study was to conslder only manned missions which dictate the
use of large control torque and system bandwidth capability. Midway through the
study, however, a decision was made to conslder unmanned missions as well,
therefore providing for a more comprehensive and meaningful investigation. The
results of both studies are presented in this report. Most of the analog com-
puter studies were conducted for the system satisfying the manned mission
requirements.
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SECTION II
STATEMENT OF THE PROBLEM

Attitude control of a satelllte or space vehicle 1s required for two major
reasons. One 1s to ensure that rocket thrusts from vehlcle referenced rocket
engines are properly directed. The other is to facilitate information flow
from or to the vehicle. These reasons may result from using the vehlele as a
stable platform while photographing the moon or earth, conducting telescoplc
observatlions of celestlal bodles, inspecting other spaceborne objects, conducting
orbital and geophysical experiments, forming part of a space-ground or space-
communication link, and many others. Each mlission has a set of attitude require-
ments related to the investigatlons and experiments 1t 1s intended to accomplish,
and these dlctate the form of the attitude control system. The simplest attitude
control technique 1s employed by a free splnning satelllite using the principle
that a spinning body will tend to maintain its attitude in a force free space.
This represents one end of a spectrum. The manned Apollo spacecraft using a
three-axis, stabllized, inertilal measuring units rate gyro stabilization; complex
digital computer; and supplementary star sight updating represents the other end.
Most space vehicle attitude stabllization requirements will call for a system
complexlity between these two extremes.

The primary attitude control requirements usually specifled are attitude or
(pointing) accuracy and attitude rate. Attitude accuracy can be classified as
follows:

¢ Precision: 1less than 0.0l degree
e Fine: 0.01 to 0.2 degree
e Moderate: 0.2 to 1.0 degree

¢ Coarse: 1.0 to 5.0 degree

The Apollo Telescope Mount (ATM) represents a typlcal precision attitude accuracy
mission, 2.5 arc second; and the Application Technology Satellite represents a
fine-moderate accuracy requirement. Advanced systems proposed for use in the
1975 - 1980 period such as for Free Flying Experiment Modules and High Energy
Astronomical Observatory (HEAO) Satellites will require attitude accuracies

of 0.005 to 0.5 arc second.
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The attitude rate attained during pointing within the allowable attitude
accuracy influences the imaging of cameras and telescopes and puts errors into
preclsion, on-board experiments; therefore, the minimum rate must also be con-
sidered as well as the static accuracy specification. Typically, the rate re-
quirement in degrees per second is between 0.05 and 0.5 of the accuracy require-
ments expressed in degrees (i.e., 0.1 deg attitude and 0.0l deg/sec rate). For
some applications an additional tracking specification 1s imposed which requires
the vehicle to turn or slew at a given rate whlle maintaining attitude accuracy.

To achlieve these requirements, the attitude control system must oppose
every disturbance torque which acts on the vehicle and attempts to produce an
undesirable attitude change. Disturbance torques can be classified by point
of origin as elther external or internal, and also by form as cycliec or secular.
External torque sources such as solar, magnetie, gravity gradient, and aerodynamie
disturbances can be cyclic at a multiple of the orbital frequency or they can
be secular in only one direction. Internal torque sources such as rotating
machinery and gas venting can produce secular torques; whereas, crew torques are
large, cyclic dlsturbances at a relatively high frequency and of a rather random
nature.

As a consequence of this large gamut of possible attitude control require-
ments and disturbance torques, there does not exist one "besgt" system design
which can be applied cookbook fashion to each mission. Instead, each attitude
control system design 1s able to satisfy a particular combination of requirements
better than others and can be sald to possess an area of superior performance.
Unfortunately, the area of superior performance 1s not completely separated for
each system design and many overlaps occur which may ultimately require a final
declsion based on good engineering judgment. References* 1 and 2 discuss many
such tradeoffs and indicate the complexity involved in selecting the "best"
attitude control system for a particular mission objective.

This study, therefore, attempts to investigate the mission requirements,
identify their impact on system choice, and design an attitude control system
capable of achieving fine attitude accuracies.

*A1l references cited are listed in Section XII.
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SECTION III
ATTITUDE CONTROL SYSTEM REQUIREMENTS

The initial effort in defining a spacecraft attitude control system 1s to
establish a basic set of control requirements. These requirements are derived
from consideration of the vehicle configuration, mission plan, on-board experi-
ments, operational modes, orbit geometry, In-orbit orientation, avallable power,
1ife, and reliability. Once established, such requirements as attitude and
attitude rate accuracles, tracking errors, response time, bandwidth, damping,
control torque, momentum storage, minimum impulse, power and reliability con-
stitute common criteria to use in performing a control system comparison study
and serve as a design goal durlng system synthesis and implementation.

A. DESIGN MISSION DESCRIPTION

To create a meaningful study and avold a superficlal investigation of many
different type vehicles, orblts, and systems, a "design mission™ has been
selected as representative of the many possibilities. This technlque allows a
set of system requirements to be generated and a design conducted which not only
identifies the important technical areas and techniques used in designing the
attitude control system but also creates a starting point for conducting other
mission designs.

The design mission selected for this study 1s shown in Figure 3-1. An Apollo
CSM vehicle 1s shown in a 250-nautical-mile circular earth orbit with a 33-
degree inclination. The vehicle 1s oriented so that the X or longitudinal
axis 18 pointed at the sun and the Y or pitch axls 1s held in the orbital plane.
This orientation is maintained for at least 60 minutes per orblt. The Apollo
CSM was selected as the design spacecraft because configuration data was readily
available and 1ts size and configuration 1s typleal of many present and future
orbiting space vehicles. The attitude hold requirements, which are presented in
Table 3-1, call for 3-axis attitude hold with an attitude error less than O.1
degree and attitude rate of less than 0,01 degree per second. To achieve sun
re-acquisition with minimum maneuvering when leaving the earth's shadow, the
allowable attitude reference drift when not locked on the sun 1s 0.10 degree
per hour maximum. The mission duration is 14 to 60 days and a probability of
overall system success greater than 0.95 for 1000 hours is necessary. No maneu-
vering or slewing is to be done by the fine attitude control system since this
is accomplished by a parallel high torque level, reaction Jet control system.
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Both manned and unmanned vehicles, which are considered, required significantly
different system designs. Moderate crew torques are allowed during the attitude
hold period in the manned missions. The electrical power is derived for on-
board hydrogen-oxygen fuel cells which have a maximum available electrical power
of 1000 watts at 28 volts dec over the mission duration.

TABLE 3-1
ATTITUDE HOLD REQUIREMENTS
(MANNED)

Parameter Piteh Roll Yaw Unit
Maximum Attitude Error <0.1 <0.1 <0.1 Deg
Maximum Attitude Rate <0.01 <0.01 <0.01 Deg/Sec
Attitude Drift (while in shadow) 0.1 0.1 0.1 Deg/Hr

B. DISTURBANCE TORQUES

Both external and internal disturbance torques, which act on the orbiting
spacecraft, must be countered by an opposing control torque to maintain fine
attitude hold. The magnitude of the combined disturbances establishes the
maximum control torque needed,and the waveshape defines the required system
bandwidth during attitude hold. The torques present at a 250-nautical-mlle earth
orbit are the following:

External Internal
Magnetic Crew Motion

Solar Internal Machinery
Gravity Fuel or Gas Venting
Aerodynamic

The magnetic torque produced by the interaction of the earth's magnetic field
and currents within the spacecraft is approximately 2(10)_7 foot-pounds for this
mission and can be neglected (Ref 3). The torque produced by the solar radia-
tion pressure on the spacecraft is very low (approximately 10710 foot-pounds)
because the vehicle's X-axis is oriented at the sun during attitude hold and
geometrical symmetry exlsts about the axis.

The gravity gradient torques due to the non-equal vehicle moments of inertia
and the aerodynamic torques caused by atmospheric molecules are both significant
for the 250-nautical-mile orbit. Derivation of torques due to these sources is
presented in Appendix A; resulting equations are the following:
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o~ = - - -

LxT 0.613 sin 2, t =0.5 D, (t) cos w,t

Ly |= [-3-63 Q + cos 24%) 1072 + | -1.95 D () sin ¢t 1072

Ly 3.96 sin 244t 2.67 Dp(t) cos wyt (3-1)
L o e 48T b - 88Y0

vhere:

- 2 1/2
Dn(t) = 0,12 (1 ~ 0.3 sin abt)

Torques and accumulated momentum about each axis are shown in Figures 3-2
through 3-7.

These torques, which are strongly influenced by orbit altitude, attitude
orientation, and vehicle configuration, should be considered characteristic (not
absolute) for this type mission. For instance, at this orbital altitude (250
nautical miles) the aerodynamic torques are approximately 10 percent of the
gravity-gradient torques; for a 170-nautical-mile orbit, the aerodynamie torques
increase ten times and are approximately equal to the gravity-gradient torque.
Likewise, only a 7 percent change in the Y-axis moment-of-inertia will doudle
the X-axis gravity-gradient torque. All the torques are cyclic at twice the
orbital frequency and accumulate zero net angular momentum except the Y-axis gra-
vity gradient torque, which has a constant secular contribution of -0.0363 foot-
pounds. This torque causes angular momentum to be accumulated about the Y-axis
and creates a need for desaturation of a momentum storage-~type control system or
periodic pulsing of a mass expulsion reaction jet control system. An alternate
orientation with the X-axis in the orbital plane that would decrease the secular
torque significantly is presented in Appendix A.

Internal disturbance torques result from the following: internal moving
parts (rotating machinery and on-board experiments); venting or leakage of fuel
and gases; and crew motions. For the design mission, only crew-generated torques
are considered. Crew torques are quite a2 random phenomena which are character-
ized by large magnitude, high frequency cyclic torques relative to the external
disturbances and, therefore, must be approximated when establishing a system
design. Laboratory studles have been conducted (ref 4, 5) which identify typical
crew disturbances in an Apollo vehicle and idealize them as a single sinewave
torque pulse as shown in Figure 3-8 and listed in Table 3-2. For this study a
design torque of 25 foot~pound peak with a 1-Hz frequency has been selected as
representing a moderate crew disturbance., The influence of crew torques on the
attitude hold control system is the requirement of larger control torques and a
higher system bandwidth than necessary for the low magnitude, slowly varying
gravity and aerodynamic disturbances. Unlike the case of gravity torques,
however, very little stored momentum requirement due to crew torques exists
because an equal and opposite reaction occurs very soon after the initial
disturbance.
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TABLE 3-2

TYPICAL CREW DISTURBANCES IDEALIZED AS A

SINGLE SINEWAVE TORQUE PULSE

Activity (fibg(b) (ftT:}-g[b) (fi}gb) i
Breathing 0.12 1.0 0.15 0.83
Coughing -8.0 -30.0 6.0 1.0
Sneezing 3.0 -20,0 3.1 1.0
gggiition >0 -0 ~2-6 0-5
Arm Movement | -16 12 20 1.0

+

|

For unmanned misslons only external torques need be consldered; therefore,
a low level control torque system with a small bandwidth is required.
level torques present, a much more precise attitude accuracy can be achleved.

With low

Figure 3-8
Crew Torques

1k
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C. MOMENTUM REQUIREMENTS

Establishing momentum requirements in each axis is important because it
strongly influences the selection and size of the CMG configuration. Each CMG
configuration possesses a characteristic momentum envelope which signifies its
maximum momentum storage capabllity. After this momentum 1limit is reached, the
CMG configuration must be desaturated by an RJC system or other means. By
selecting a CMG configuration whose momentum envelope 1s compatible with the

momentum requlrements, a smaller and more efficient gyro system can be developed.

For the manned mission and the disturbance torques identified in Subsection
ITI.B, the stored momentum requirements are

e X Axis

7 ft-lb-sec

142 ft-1b-sec (60 min)
205 ft-1lb-sec (1 orbit)

e Z Axis = 38 ft-lb-sec

o Y Axis

e Plus 8 ft-lb-sec per crew torque disturbance

The momentum envelope (Figure 3-9) is derived by adding all the disturbance
torque momentum vectors along each vehlcle axis and forming a box-type envelope.
The effect of the secular gravity-gradient torque 1s to increase the require-
ment along the Y axlis and elongate the envelope. The path that the total momen-
tum vector traces out, an ascending spiral, i1s also shown in Figure 3-9.

For an unmanned mission, the momentum requirements are essentially unchanged,
although,the 8 ft-lb-sec crew torque momentum 1s not needed.

D, SUMMARY

The fine attitude control system requirements have been established by
reviewing the design mission selected, deriving the disturbance torque time pro-
files, and developing a momentum envelope. The attitude accuracles, available
power, and reliabllity are dictated directly by mission requirements. The crew
disturbances establish the maximum control torque and system bandwidth require-
ment; the gravity-gradient and aerodynamic torque time integrals establish the

stored momentum requirements. The principal system requirements are summarized
in Table 3-3.
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TABLE 3-3

ATTITUDE CONTROL SYSTEM REQUIREMENTS

Parameter Manned Unmanned Unit
Attitude hold accuracy 0.1 <0.001 degrees
Attitude hold rate <0.01 <0.0001 deg/sec
Maximum control torque 25 2 £t-1b
Maximum system bandwildth 3 1 Hz
Maximum stored momentum 213 208 £t-1b-sec
Maximum available power 1000 1000 watts
Minimum probabllity of 0.95 0.95 -
success for 1000 hours

17
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SECTION IV
L4-FACS CMG CONFIGURATION

The Sperry 4-FACS CMG configuration is a unique arrangement of four single
gimbal gyros which has been selected to provide fine attitude hold capability
with a simple, linear, constant galn steering law and to permit operation with
one gyro failed by making a small steering law modification.

A. OPERATIONAL DESCRIPTION

This selected configuration, identified as the Sperry W-FACS CMG configura-
tion, is shown in Figure 41. The model shown in this illustration does not
represent a physical model of an actual system, but simply illustrates the rela-
tive orlentations of the gimbal axes and the angular momentum vectors (shown as
black arrows). The four gimbal axes lile in the xz-plane of the vehicle coordi-
nate system, with directions of MS, 135, 225, and 315 degrees from the z-axis.
The respective gimbal angles, denoted by o« = %“l’ v e ey “hf , are the angles
of the h-vectors (angular momentum vectors) about the gimbal axes. The refer-
ence dlrections of the h-vectors lie in the xz-plane and in the counterclock-
wise direction about the y-axis. The figure shows gimbal angles of a = ;+h5°,
450, 4450, -h5°§ , which correspond to the initial gimbal angles for the case
where all four gyros are operational.

A simplified descriptlon of the steering law is first presented, followed
by an analytical presentation. Each pair of the four gyros for which the gim-
bal axes are colinear may be considered as a scissored pair. Denote the net
angular momentum vector of gyros 1 and 3 {counted from the z-axis in the
counterclockwise direction) by Ha’ and that of gyros 2 and 4 by Hb‘ Ha and Hb
and the planes in which they may rotate are shown in Figure 4-2. For the ini-
tlal gimbal angles, Ha lies in the +y direction, Hb lies in the -~y direction.
Both have the magnitude of +/2 h where h is the angular momentum magnitude of
each gyro (all assumed equal). In general, the magnitude of Hy is
2h sin [(a) + a3)/2] and that of Hy is 2h sin [(ap + @,)/2]. The angle of H,
from the +y axis (see Figure 4-2) is given by o, = (al - a3)/2, and similarly,
a, = (o, - @y)/2.

To produce H (the net angular momentum of the gystem) in the +y direction
starting from ao,lHal (the magnitude of Ha) is increased by increasing % and
a. by equal amounts, and Hb is decreased by increasing ay and ay, by equal
amounts. To produce H in the +z dilrection, agy and Oy are lncreased by equal
amounts, and IHal and Hbl are held constant. Similarly, H in the +x direction
may be produced by decreasing a, and increasing ab by equal amounts without

~ changing lHal and !Hb| .
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Figure L4-1
Model Showing Sperry 4-FACS CMG Configuration
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Figure 4-2
Ha and Hb
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\ When the commanded change in H does not start with a = aq cross-coupling
* /  occurs, and the outer attitude loop or other steering law corrections are
relied on to remove the attitude errors thus produced.

B. GYRO MOMENTUM AND TORQUE

In analytical terms, the net angular momentum of this configuration is

H =h(Sl+S + 8 +S,+)

y 2 3

H, =ﬁ («Cq = Cy + c3 +C,) (4~1)
=

Hx—ﬁ(cl-02-03+ch_)

where h is the angular momentum magnitude of each gyro (all equal), and where
Si = sin @y and Ci = cos a,. The reaction torque acting on the vehicle due to
a changing net angular momentum of the CMG system is the negative time-
derivative of these equations (4-1) with respect to inertial space. The torque
due to the vehicle attitude rate during attitude hold 1is negligibly small com-

pared with the torque due to gimbal rates so the torques may be given by:

7 i T .7
T, c, c, Cy Cy, ay
' T,|=-h sl/JE sz/»/? -s3/\/§ -8,/ V2 a, (%-2)
T, -8,/V2 8,/VZ s3/\/§‘ -8,/ VZ oy
a
) - L - L- )+-

where ay = dai/dt.

C. CONSTANT GAIN STEERING LAW

A control moment gyro system provides precise attitude control of a space-~
craft by imparting the correct combination of three axis torques in response to
vehicle disturbances or maneuvering commands. These gyro torques are created
by driving each gyro in the CMG configuration at a particular gimbal rate;
however, for configurations with more than three gyros one unique set of gyro
gimbal rates that produce a particular three axis torque combination does not
exist. Steering law computers, thsrefore, are necessary to continuously trans-
late the vehicle command signals (usually a function of rate and attitude
error) into a preferred set of gimbal rate commands. An "exact" steering law
would generate gimbal command signals so that the open-loop vehicle response
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would follow the vehicle command signals without any cross-axis coupling and
minimize the torquer power consumed. Such a steering law would require a com-
plex computer capable of solving many equations in a short period of time.
Instead, to Increase system rellability, the following simple constant gain
steering law has been derived which 1s "exact" when all gimbal angles are at
their initial condition (a,) = (45°, -45°, W5e, -L5o), but deviates from the
exact solution otherwise.

~ - e -y p -
a 2 1 -
le ¥ 3 "3
T
ye
X N -1
2c ¥ T3 T3
=-f Tae (4-3)
a N2 -2 1
3e ‘Ia 3 5 .
Lah’c-—- uﬁg 5 E_- - -

where Tc = ;Tyc’ Tzc’ Txc% are the’torques commanded by the flne attitude
controller, and d, = {d10) » + «y Oy} are the gimbal rates commanded to the
gimbal controller. With this steering law, the torque applied to the vehicle
due to T, is (for a = &c)

(h-L)

- -

-
i 1
'ry {3—201+c2+03+ch) -2-(cl-c2-c3+cu) 2(—cl-cz+c3+cl+) Tyc

5 _
:rz = f; (s1 + 82 - 83 - s,+) ‘é(sl - s2 + s3 - Sh) ‘éa(-sl - 82 - s3 - s,+) T,.

_ -
T Lﬁ (8 +8,+ 8, -8, YR8 -5, -8, -8) Y&s -5, +5;-8) e

When a = Tgs the above matrix equals the identity matrix. As disturbance
torque integrals on the vehicle accumulate, a wanders away from ag and the
above matrix becomes cross-coupled.

The amount that a 18 allowed to differ from @ is defined as the deviation
angle Aa. The maximum Ac is determined by the maximum allowable gyro gimbal
rates, the permissable cross axis transients imparted to the vehicle, and the
the configuration stablility requirements.

=
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To determine the gyro gimbal rates required for all possible combinations
of deviation angles would be a very lengthy task employing a digital computer
routine and many iterative runs. Instead, a conservative worst case type design
can be obtained by considering a torque applied colinear with the gyro gimbal
axis. To generate torque in this direction only the two gyros with orthogonal
gimbal axes contribute torque; the other two gyros don't help but only act to
eliminate cross-axis torques. With only two gyros producing the required
torques the gimbal rates obtained are very high for large deviation angles.
Consider simultaneous equal X and Z axis torques, Tx and Tz whieh require a gyro
torque along the gimbal axis of gyro 1 and 3; then

1.4 T‘x,z = 2h o sin (-45° + Aa) (45)

The net angular momentum transferred into the Y-axis derived from equation(i-1)
is:

=
"

2h [sin (45° + Aa) - sin (45° - Aq) ] (4-6)

or

H 242 h sin (Aa) (%-7)

y

Equations (45) and (4-7) are normalized and shown in Figure 4-3. Beyond
Aa = 30 degrees the gimbal rate starts to increase rapldly, whereas, the incre-
mental angular momentum that is being transferred into the Y-axis with increas-
ing deviation angle is diminishing. A limit,therefore, must be established for
Az since an increasing gimbal rate puts more load on the spin and gimbal bear-
ings and requires more torque motor power. A limit has been established at
Ae = 40 degrees where the gyro bearing torque is 8.11 times the output axis
control torque.

This conditlon is a speclal worst case in which two gyros are incapable of
supplying any torque in the required direction. Only the falled gyro case
would require greater torques. Normally, all four gyros contribute to the net
output torque and require significantly lower gyro bearing torques, h&, to pro-
duce the desired output torque.

The vehicle cross-axis transients created by gyro cross coupling at non-
initial angles are a function of the overall vehicle control system bandwidth,
disturbance torque characteristics, vehicle inertias, and gyro momentum.
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~
. jﬁ If equation (4-l4) is rewritten as a function of the deviation angle, Aa, then

for stored momentum in the Z axis:

- A r 1 7
Ty cos (Aa) o V2 sin (Aa) Tye
T, | =|o cos (4a) o Tye (4-8)
T zsin (&2) cos (4a) T

X \/-2- Xc
L i L d L -
and in the Y axils:
) ™ Y7 h
A
Ty cos (Aa) 0 o Tyc
T,| = |o cos (Aa) -sin (Aa) T,e (4-9)
Ty o -sin (Aa) cos (Aa) Txc
b p Lr b e -
and finally for the X axis

N = -~ JE - p- -

‘ A

J Ty cos (4a) 2 sin (&) o Tye
T =sin (Ag) cos (Aa) o T (-10)

X \/—2— ZC

T, ) o cos (4a) LTxc

These equations, which indicate the effect of momentum storage on cross-axis
torque coupling, can be used as an indication of the relative transient cross-
coupling that can occur before the outer attitude loop takes effect and adjusts
the torque commands to eliminate cross-coupling. In each case only two axis are
coupled; the one with stored momentum remains uncoupled. For instance, in equa-
tion (1~9) with momentum stored in the Y-axis, X and Z are coupled; and at
Aq = 45° gn X-axis torque command, Txc’ produces an equal X and Z axls gyro out-
put torque. The vehicle Z-axis control system must now force this torque to
Zero.
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D. PSEUDO-TIORQUE FEEDBACK STEERING LAW

The pseudo-torque feedback steering law effectively eliminates the cross
coupling present with the constant gain law at the expense of added circuit
complexity. The steering law mechanization, the gyro, and the vehicle trans-
formations are shown in Figure L-%+. A linearized electronic analog of the CMG
rate to torque transformation 1s created by applying the commanded rates to a
gyro transfer matrix, [ﬁ], which represents the gimbal rate loops and the gyro
configuration. This matrix transformation, equation (4-2), is a function of
the sine and cosine of the gyro gimbal angles; therefore, the steering law
generates the sine and cosine of each gimbal angle and applies it to the trans-
fer matrix. The matrix outputs are the electrically derived or pseudo~torques
representing those torques applied to the vehicle. They are fed back to be com-
pared with the commanded torques. If an error exists, an integrator corrects the
input to the constant gain steering law so that a set of gimbal rates are ob-
tained which create the desired torque combination.

This pseudo~torque feedback signal acts to correct the input to the con-
stant gain steering law, instead of requiring the outer vehicle loop to make the
necessary response. The torque feedback loop response is adjusted to be
much faster than the wvehicle loop and gimbal loop response. The torque feed-
back loop, therefore, serves as a high bandwidth computer which rapidly solves
for a correct set of four gimbal angle rates 1n response to three axis torque
commands., The CMG gimbal rate loops are therefore presented with the correct
commands to generate output torques without cross coupling.

The electronic analog matrix [ﬁ] is linearized, except for trigonometric
functions; and therefore, does not represent the gyro loop nonlinearities. These
differences between the analog model and the actual hardware result in small
cross-coupling torques which are removed by the outer vehicle loop.
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Since the design mission system with manned disturbances required a gimbal
loop bandwidth approximately equal to the outer loop bandwidth, the pseudo-torque
was derived as a function of commanded gimbal rates to attain a rapld response
loop. 1In applications where the gyro gimbal rate loop bandwidth is signifi-
cantly higher than the vehicle loop bandwidth, the actual gimbal rates could
be used to derive the pseudo~torques and hence include any nonlinearities in-
herent in the CMG hardware.

Another alternate mechanization is to mount a resolver on each CMG gimbal
and derive the &ic sin oy and &ic cos oy signals directly from the gyro, This
technique would eliminate the need for electronically computing the trigonom-
etric functions and employ the actual gyro angles.

The technique employed in this study is to derive the pseudo-torques from
the gimbal rate commands and process these rates through gimbal-mounted

resolvers.
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E. ONE GYRO FAILED OPERATION

A unique feature of the 4-FACS CMG configuration which enhances the reli-
ability is its ability to operate in a backup mode with one gyro falled and
still maintain vehicle control. To do this, the initial angles, ajy, of the

three remaining gyros must be re-oriented and the steering law must be slightly
altered.

With one gyro failed, the remaining gyro of the corresponding scissored
pair is steered similarly to the previous net H of that pair. For example, if
gyro 1 has falled, gyro 3 is changed to a., = +90 degrees and is steered as Ha
was, except that 1lts magnitude 1s constant at Ha = h., The initial angles for
oy and o are changed to -30 degrees so that Hb = h and cancels Ha’ Only Hb
can now be changed to produce H in the y direction, but otherwise, the gimbal
steering is the same as described in Subsection IV.C.

With one of the gyros failed, only one solution to equation (4-2) exists.
The initial gimbal angles for the failed mode where gyro number 1 has failed is
oy = §+30°, -30°, +30°, -30°§ s except that gyro number i + 2 1s changed to
-(-nt 90°, and gyro number i is, of course, ignored. For example, if gyro
number 3 has falled, o = (90°, -30°, - , -30°). The solution to equation
(4-2) for a = ay and with a; =0 (where gyro number i has failed) is given by:

P 1 1 .21 T
e NE NE V2 ye
o D 1 T

2 i Ve | ae

= - & ‘
Sl

x, | - -k L T (4-11)
e ! V3 V2 V2 xe
;)_‘_ : ‘l‘ "l‘ _ﬁ]‘; i

¢ V3 V2 v | J

except that the first term in row 1 + 2 1is changed to zero and &10 = Q.

The constant gain steering law for all cases may be implemented as shown in
Figure 4-5, With no failures, all switches are closed, K = V2/%, and
Kx = Kz = 1/2. With gyro numbg; 1 failed, switches Si and Si' are opened,
K, = l/\/§; and Ky = KZ = 1//2. In changing from the no-failure mode to a one-
failure mode, the gimbal angles must also be changed to the modified initial
conditions, and the failed gyro should be despun. The steering law modification
due to a fallure may be simplified by not changing the gains, Kx’ KY and Kz‘
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The loss in the attitude control-loop gain will then be reduced by 39 percent

in the y exis and 29 percent in the x and z axes. This loss in gain will lowver
the system bandwidth and increase the static error, although, i1t may be accept-
able for some system requirements.

A preliminary analog circuit mechanization is shown in Figure 4-6 and in-

dicates the simplicity of the complete 4-FACS constant gain steering law
computer.
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F. U4-FACS MOMENTUM ENVELOPE

The 4%-FACS momentum envelope shown in Figure 4-7 represents the upper half
of the three~-dimensional surface of maximum momentum which this configuration
can absorb with the gimbal deviation angle, Aa, limited to +4+0 degrees and a
constant gain steering law employed. The figure indicates that maximum storage
capabllity occurs along each individual axisj |Hy| = 1.82h
and IHZI = ;ij = 1,35h and for combined axis storage the capability per axis
decreases. For instance, with Hy = 0 (at the base of Figure 4-7) the momentum
that can be stored in either the x- or z-axis individually is lH&l = |HZ| = 1.35h;
however, if equal momentum is stored in each axls the allowable single-axis
momentum is limited to |Hx| = iHZ| = 0.64%h with the net angular momentum vector
reduced to 0.90h. This envelope is especially well suited to missions which
have moderate cyclic torques about two axes (x and z) and a secular torque about

the third axis. The net momentum vector then remains close to and spirals up
the y-axis.

The momentum envelope was generated by using a digital program to solve
for the gimbal angle time historles as a functlon of disturbance torque inputs
(Figure 4-8). A closed loop was formed which included the constant gain
steering law, an identity gimbal loop matrix, a gyro transfer matrix, and an
integrator block; an angle detector monitored all four gimbal angles and
stopped the program whenever any angle moved more than 40 degrees from its
initial angle, Qg Various planes of stored y-axis momentum were derived by:
initializing the gimbal angles at a3 injecting a y-~axls step torque for the time
needed to establish the desired stored Hy; and then injecting combinations of
x~- and z-axls torques to establish the momentum limits on the selected H_ plane.
This process was repeated at 15~degree intervals about the y-axis for each of
the elght Hy planes investigated. From this data the solid model shown in
Figure 4-7 was constructed. The envelope contours at each of the eight planes
is shown in Figure 49,
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Figure 4-7
L4.FACS Momentum Envelope with Four
Gyros Operating, Upper Halfi Only
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The momentum envelope with one gyro failed is shown in Figure 4-10. This
envelope represents the complete three-~dimensional surface of maximum momentum
that thls configuration can absorb with the gimbal deviation angle, Aa, limited
to +85 degrees for the CMG with a colinear gimbal axis with the failed gyro, and
+25 and -55 degrees for the two orthogonal CMG's. The unequal deviation angles
are necessary to obtain a sufficilently large envelope for momentum stored in the
negative y-axis direction and yet maintain stability when storing momentum in
the positive y-axis direction.

Although the envelope has lower lobes which extend beyond the Hy = =h plane,
this area cannot be used since a forbidden reglon exists along the y-axis.
Unlike the four gyro envelope, symmetry does not exist along the y-axis and more
area 1s avallable in the x-z plane along the negative y-axis. If gyro 2 or L
falls, however, the envelope 1s reversed agnd the positive axis has the most area
avallable. Biasing the desaturated initial condition point away from

= Hx = HZ = 0 to take advantage of the envelope shspe, therefore, could be
accomplished if the torque history is known a priorl, or 1f an average momentum
circuit 1s employed to update the desaturated point. 4sg In the four gyro case,
the envelope 1s best suited to secular torque in one direction and cyelic
torques slong the orthogonal axls.

The positive y-axis can store Hy = +0.83h and negative y-axis,Hy = -=0.,9%h.
The negative lobes extend to Hy = =1,92h and the maximum Hx = HZ = 1l.21h along
the Hy = -0.75h plane. The envelope at each of nine planes 1s shown in Figure
L.11,
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Figure 4-10
4.FACS Momentum Envelope with One Gyro
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) G. STABILITY ENVELOPES

§

Stabllity envelope contours for the 4-FACS CMG configuration are depicted in
Figures 4-12 and 4-13. These curves are similar to the momentum envelopes of
Section IV.F, except they represent the maximum momentum which can be stored
while maintaining system stabilitys. No gimbal angular limits were established
a priori; instead the momentum generation digital program, Figure 48, was used
to determine the gimbal angle combination ial, R a4§ for a particular momentum
(Hy, H,, Hx)’ This set of angles was then inputted to a system stability matrix
program which solved for the linear roots of the overall three-axis system. The
resulting roots were then examined for unstable positive real axis plane roots.
If none existed, then the momentum was incremented by AH along the same path,
and a new set of gimbal angles were determined. These were again employed in
the stability program to derive a new set of closed~loop system roots. This
process was repeated until an unstable root was found and hence the maximum
stability boundary of momentum determined. Along each Hy level, a contour of
momentum was established and is plotted in Figure L4-12 for all four gyros opera-
tive, and in Figure 4-13 for the one gyro failed case. These figures can be
compared directly with Figures 4-9 and 4-11, respectively which represent the
momentum envelopes for the gimbal angle restrictions employed. It will be noted
that In all cases a margin exists between the stability momentum limit and the

momentum envelope employed, therefore, proving global stability over all selected
conditions,.
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SECTION V
AITITUDE CONTROL SYSTEM COMPARISON

Four competitive fine attltude control systems are compared in this section
in order to establish the relative merits and shortcomings of each and to chose
a preferred system for the design mission. A system consisting of three reac-
tion wheels; a six-gyro, scissored pair CMG system; a 4-FACS CMG configuration;
and a reactlon jet control system are compared for system weight, electrical
power consumption, and reliability. The systems selected for comparlson do not
represent all possible candidate systems. Instead, they represent each of the
most popular current fine attitude control techniques. Other gyro and reaction
wheel configurations as well as hybrid combinations could be equally competitive
for particular mission requirements. A comprehensive comparison of all con-
celvable systems, however, was beyond the scope of this study. The techniques
used in this study for comparison of each system can be applied in analogous
fashion to any other candidate systems.

As stated prevliously, two types of missions are considered within thils study
- manned and unmanned. The systems compared in this section, therefore, are for
both types of missions. Primary differences are the control torque level and
system bandwidth requirements. The momentum requirements dictated by the
orbital disturbances and frequency of desaturation remain approximately the same
for both missions.

To ensure that all systems were compared on an impartial basis with no
speclal requirements to give one system a peculiar advantage, the following set
of generalized requirements were used as system specifications:

e Only one size actuator (CMG, reaction wheel, jet thruster) is to be
used to maintaln commonality and cost effectiveness.

e Bach axis must have a minimum momentum storage capability of 200
ft-1lb=-sec.

e Each axls must have a control torque capability of at least 25 ft-1lb
for manned and at least 2 f£t-1b for unmanned missions.

e BEach axis must have a bandwidth greater than 3 Hz for manned and 1 Hz
for unmanned missions.

e Maximum available electrical power is 1000 watts at 28 volts de
nominal voltage.

e Desaturation allowed only once per orbit while in the earth's shadow.
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A, REACTION WHEEL SYSTEM

A reaction wheel fine attitude control system consisting of 3 reaction
wheels aligned with their spin axis along each of the principal vehicle axes 1s
shown in Figure 5-1. When a disturbance torque is applied about the Y-axis, the
angular momentum and speed of gyro 1 is changed in order to absorb the momentum.
Thus,

El =1 @ = -f"i"dy dt (5-1)

Hl = Angular momentum of reaction wheel No. 1

Il = Polar moment of inertla of reaction wheel No. 1
w = Angular velocity of reaction wheel No. 1
Tdy = Disturbance torque about Y = vehicle axis

The vehicle remains stationary as the reaction wheel absorbs the total momentum
imparted by the disturbance.

700-8 10 B 1

Figure 5-1
Reactlion Wheel Configuration
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H,=H; -H =0 (5-2)
where
Hv = Vehicle angular momentum
Hd = Angular momentum imparted by disturbance torque

However, the reaction wheel must increase its speed as 1t absorbs momentum
and will finally attaln a maximum allowable speed, “Wnax® At this speed, the re-
action wheel 1s defined as saturated and reaction jets or other torque devices
must be used to desaturate the wheel and decrease its speed. If only cyclic
disturbance torques are present, the reaction wheel can be sized to absorb the
peak momentum and never reach saturation; therefore, no reaction jet fuel will
be expended whille maintaining fine attitude hold.

The amount of momentum that the reaction wheel is required to absorb can be
reduced by desaturating more frequently, and thus not allowing the secular torque
to transfer a large amount of momentum to the reaction wheel. Often, however,
the required attitude accuracies cannot be achieved during desaturation and,
therefore, a tradeoff exists among the following: uninterrupted experiment
duration; attitude hold to desaturation time ratio; and reaction wheel size and
power requirements. This technique could also be employed to decrease the size
of a CMG system in an analogous manner. For this comparison study only one de-
saturation per orbit was consldered which allows a sixty-mlinute uninterrupted
experiment duration.

Since the reaction wheel produces a torque equal to the disturbance torque at
all wheel speeds, a large amount of power is consumed when the reaction wheel is
near saturation. This power is of primary importance when considering a reaction
wheel design.

To determine the "best" reaction wheel design for a given mission, an evalu-
atlon criteria or "cost function" 1s established which expresses the system
welght and power consumption as a total equivalent weight, WT:

Wy = Wp + Wy + Wy + Wy + Wy (5-3)
where
Wy = Rotor weight (1b)
Wy = Housing weight (1b)

Wy = Spin motor weight (1b)
Equivalent weight due to electrical power (1b)

I

Electronic control package weight (1b)

I
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The rotor weight 1s a function of the reaction wheel speed, S, expressed in

revolutions per minute, the maximum momentum, H (ft-lb-sec) which 1s stored, and
the rotor radius, R, in inches

Wy = #8800 H 4 o5 plo¥ (5-4)

R® S

The housing weight, which contains the rotor and provides a near vacuum en-
vironment, 1s exponentially related to rotor size:

Wy = 0.027 R2*79 (5-5)

The spin motor welght l1s expressed as a functlion of maximum torque required
and in the torque range of interest is

WM = 105 Tmax (5-6)
where

Tpax = Maximum control torque (£t~1b)

The equivalent electrical power weight, Wp, 1s related to the type of power
system on-board the space vehicle and the equlvalent weight required to produce
the electrical power and energy. For this study a fuel cell energy system 1s
considered. The power penalties are 35 pounds per kilowatt which accounts for
the fuel cell and power distribution system weight, and 0.8 pound per kilowatt-
hour which represents the H2 and 02 welght needed to produce the energy.

The instantaneous electrical power input, Pyns required is

where
T = Instantaneous control torque (f£t-1b)

Conversion efficiency from electrical input to mechanical
shaft power

Considering cyclic torques about three axes plus a secular torque about the
third axis, the average power 1s obtalned by integrating and averaging the in-
stantaneous power over an orbltal period.

P
P(avg) = 'LP)' ['23‘; + é‘] = 0.211'5 P(max) (5"8)



g

Combining equations (5-7) and (5-8), and employing the power penalties pre-
viously mentioned, the equivalent electrical power weight, WP, is

Tpoy 5(0.245)

Wp = —"‘W [0.035 + 0,0192 D] (5-9)

where

D = Time in orbit (days)

If solar cells were used as the power source, the equivalent weight would be

independent of the time in orbit except as affected by the solar cell efficiency
decreasing with age.

The electronic control package weight, Wgy is considered to be a constant
10 pounds for all designs. Structural mounting weight is not considered in the
overall weight calculation.

Combining 8ll the individual welghts results in the total equivalent weight
for one reaction wheel.

- 46,000 § 1ok 2.75
WT R2 S + 0.2 R + 0,027 R + 1.5 T(max)

T S
+ -m%f)—— [0.0009 + 0,0005 D] + 10 (5~-10)

In a reaction wheel design, the maximum momentum, H, maximum torque, T(max)
conversion efficlency, n, and orbit lifetime, D, are known. The desired rotor
size and speed are selected to minimize the total equivalent weight, WT. A
speed constraint 1s added to the optimization procedure which reflects the
limited available power of one kllowatt.

g < 3180 7 (5-11)

T(max)

A digital computer program has been developed at Sperry which solves equa-
tion (5-10) within the speed constraint of equation (5-11) by varying rotor
radius and speed to obtain a minimum total equivalent weight. The results in
parametric form for a system of three reaction wheels are shown in Filgure 5-2
through 5-k. Figure 5-2 is plotted for various momentum requirements at
T(max) = 1,0 ft-1b; Filgure 5-3 is similar for T(max) = 2,0 ft-1b, and Figure 5l
is plotted for various control torques at one fixed momentum, H = 200 ft-lb-sec.
Each point on these curves represents a different reaction wheel design (rotor
size and speed) which is optimized for that particular torque, momentum, and

orbit duration.
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Typical computer results of the trials leading to the optimum solution for a
200 ft-lb-sec momentum, 2,0 ft-1b torque reaction wheel with an orbital opera-
tional period of 40 days are presented in Table 5-1. The program solved for the
radlus which gave the minimum welght at each speed selected. The weights ob-
tained were then compared until the speed with the lowest weight was determined.
In this example, the optimum design 1s a 13.5-1nch radius rotor with a rotor,
housing, and torquer-weight of 98.27 pounds, an electrical power equivalent
weight of 53.11 pounds, a maximum speed of 953 rpm, and power of 266 watts per
wheel. A total of 30 trlal designs which the computer considered are tabulated
in Table 5-1.

For a manned-type vehicle requiring T(max) = 25 ft-1b and momentum storage
of 200 ft-lb-sec, the total equivalent weight at launch is 1206 pounds (Figure
5-4)., This weight is extremely heavy compared to that of competitive systems;
therefore, reaction wheels are not considered the best choice for this mission.

When considering unmanned missions with much lower torque requirements, re-
actlion wheels become more competitive. This is considered in more detail in
Subsection V.C. Agaln, however, because of high power requirements, lack of a
backup capability, and high equivalent weight the reaction wheel system is
eliminated from consideration. If a different power system were used, power
were readily available, power generated heat could be transferred away easily,
and if a redundant-skewed reaction wheel configuration were used in a mission
with low torque duty cycle, then the reaction wheel system might be preferred.
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TABLE 5-1

REACTION WHEEL OPTIMUM WEIGHT PRINTOUT

Wi WP Wh+Wﬁ+Wﬁ Radius |Speed Power
(1b) (1b) (1b) (in.) [(rpm) |(watt)
1267.83 «56 1 1257.27 | 35.70 10.00 2.79
433.97 | 3.85 | 420.13 | 23.60 69.00 | 19.26
314406 | 7.13 | 296,93 | 20.70 128,00 | 35.7%
260,70 |10.42 | 240.28 | 19.10 187.00 | 52.21
230,02 | 13.71 | 206.31 | 18.00 246,00 | 68.68
210,16 | 17.00 | 183.16 | 17.20 305.00 | 85.16
196.43 | 20.29 | 166.1% | 16.50 364,00 | 101.63
186453 | 23.58 | 152.96 | 16.00 423,00 | 118.10
179.26 | 26.86 | 142,40 | 15.50 482,00 | 134.57
173.81 }130.15 | 133.65 | 15.20 541.00 | 151.05
169.77 |33.44 | 126.33 | 14.80 600,00 | 167.52
166476 | 36473 | 120.03 | 14.50 659.00 | 183.99
164.57 [ 40.02 | 114.55 | 14.30 718.00 | 200.47
163.06 | 43.30 | 109.76 | 14.00 777.00 | 216,94
162.08 |46.59 | 105.49 | 13.80 836.00 | 233.41
161.55 | 49.88 | 101.67 | 13.60 895.00 | 249,88
161.40 | 53.17 98.23 | 13.40 954,00 | 266436
161.57 | 56.46 95.11 | 13.20 |1013.00 | 282.83
161.53 | 56.18 95.35 | 13.30 |1008.00 | 281.43
161.51 | 55.90 95.61 | 13.30 |[1003.00 | 280.0k4
161.48 | 55.62 95.86 | 13.40 998.00 | 278.64
161.46 | 55.3% 96.12 | 13.40 993.00 | 277.25
161.45 | 55.06 96438 | 13.40 988.00 | 275.85
161.43 | 5%.79 96.65 | 13.40 983.00 | 27445
161.42 | 54,51 96.91 | 13.40 978.00 | 273.06
161.41 | 54,23 97.18 | 13.40 973.00 | 271.66
161.40 | 53.95 97.45 | 13.50 968.00 | 270.27
161.39 | 53.67 97.72 | 13.50 963.00 | 268.87
161.39 |53.39 98,00 | 13.50 938.00 | 267.47
16138 | 53411 | 98.27 |13.50 | 953.00 | 266.08

Momentum, H = 200 ft~lb-sec
Efficiency, n = 0.75
Torque, T(max) = 2,0 ft-1b
Duration, D = 4O days

Optimum
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B. SCISSORED PAIR CMG CONFIGURATION

The sclssored-palr CMG configuration (Figure 5-5) consists of six constant-
speed, single-degree-of-freedom gimballed gyros which are used in pairs to pro-
vide three momentum vectors alignhed with the three vehicle axes, By slaving
two gyros of each palr together either electrically or mechanically so that they
are driven to equal gimbal angles, the torque produced ls aligned along only one
vehicle axis and no cross-coupling occurs. This freedom from cross-coupling,
however, 1s obtalned at the expense of requiring six gyros for control of only
three degrees of freedom.

The angular momentum from each gyro pair is

H = 2h sin ¢ (5-12)
where
H = Single~-axis angular momentum (ft-lb-sec)
h = Single-gyro angular momentum (ft-lb-sec)
a = Gimbal angle (radian)

and the output torque, To, the gyro imparts to the vehicle axis is

T, = 2hg cOS & (5-13)

where
o = Gimbal angular rate, %% (rad/sec)

The manned mission requiring 25 ft-1b torque and a 3 Hz bandwldth is considered
first.

For purposes of sizing, equations (5-12) and (5-13) can be normalized and
written as a function of gimbal angle, 4,

% =2 sin o (5-1k)
and
T [
2 - he - (5-15)
To To 2 cos o
where

Tp= Radial torque on gyro bearings (£t-1b)
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Figure 5-5
Three-Axis CMG Scissored-Pair Configuration



These equations are plotted in Figure 5-6. For small gimbal angles, small
gimbal rates and bearing torques are required, but a large gyro angular momentum,
h, 1s necessary. Whereas, for gimbal angles beyond 60 degrees, the gyro momen-
tum, h, required is almost constant but the necessary gimbal rates are rapidly
increasing. 8Since larger gimbal rates require more torquer power and exert more
load on the spin and gimbal bearings, a limit exists on the maximum gimbal angle.
For this study 60 degrees was selected, and thus the required gyro parameters
are

h = 0.58 H = 116 ft-lb-sec (5-16)
. T
a = 7? = 0,218 rad/sec (5-17)

To obtailn the desired system bandwidth of 3 Hz, the gyro must meet an additional
angular acceleration requirement of l.37 radians per second per second.

These requirements were inputted to the Sperry CMG optimum sgizing digital
computer program which selects the ™best" gyro design predicated on weight,
power, and rellability considerations, (Ref 6). The selected gyro parameters
are:

Rotor Diameter 14 inches
Rotor Speed 7729 rpm
Rotor Weight 17 pounds
Inner Gimbal Weight 29 pounds
Torquer Weight 11 pounds
Outer Gimbal Weight 9 pounds
Total Gyro Weight 49 pounds
Spin Motor Shaft Power 3.6 watts
Gyro Average Power 8 watts
Peak Torquer Power 30 watts

The system specifications presented in Table 5-2 are the result of using six
gyros in the system, and allotting 10 pounds of welight and 10 watts of power for
the control electronics and 30 pounds for the mounting structure which mates the
gyro to the vehicle. The equivalent system welght includes a penalty of 35
pounds per kilowatt for fuel cell weight and 0.8 pound per kilowatt-hour for the
welght of hydrogen and oxygen required by the fuel cell.
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TABLE 5-2
CMG COMPARISON DATA (MANNED MISSION)

Parameter L_-FACS | Scissored-Pair Unit
Momentum 200 116 ft-1lb-sec
Maximum Control Torque 25 25 ft-1b
Maximum Bearing Torque 203 25 ft-1b
Maximum Gimbal Rate 1.01 0.218 rad/sec
Effective Gimbal Inertia | 1.1 0.146 s1-rt2
Maximum Gimbal Torque 5.0 2.0 ft-1b
Rotor Diameter 16 14 in,
Rotor Speed 7729 7729 rpm
Single Gyro Welght 61 L9 1b
Total Gyro Weight 24l 294 1b
Total System Weight 280 334 1b
System Average Power 52 58 w
System Run-Up Power 260 290 W
Equivalent System Weight | 290 + D| 344 + 1.1 D 1b
D = Time Independent weight factor, 1lb/day

C. UW~FACS CMG CONFIGURATION

The sizing technique used for the L4-FACS CMG configuration described in
Section IV is similar to that employed for the scissored palr gyro configura-
tion. With the deviation angle, Aa limited to +4O degrees (from Figure 4-3)

L= h =g, (5-18)
£ i = 0775 5
and
- = 8,11 (5-19)

These equations, however, express the capability along only a single axis.
Since each gyro contributes momentum which 1s coupled to combined axes simulta-
neously, the gyros should be sized larger than just the single-axis requirement
indicates. In mission designs where the required momentum envelope shape is
known a priori, a more precise method of sizing the gyro momentum would be to
nfit" the required envelope to those 4-FACS envelopes shown in Subsection IV.F.
For this study, a single-gyro momentum of 200 ft-lb-sec with a gimbal rate re-
quirement of one radian per second has been selected. To obtain the deslired
system bandwidth of 3 Hz, the gyro must have an angular acceleration capabllity
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of 3.2 radlans per second per second. As with the sclssored palr, the gyro re-

quirement data was inputted to the Sperry CMG optimum sizing digital computer
program; the selected gyro parameters are:

Rotor Diameter 16 inches
Rotor Speed 7729 rpm

Rotor Welght 22 pounds
Inner Gimbal Weight 37 pounds
Torquer Welight 13 pounds
Outer Gimbal Welght 11 pounds
Total Gyro Welght 61 pounds
Spin Motor Shaft Power 5.2 Wwatts
Gyro Average Power 10.4 watts
Peak Torquer Power 132 watts

The specifications presented in Table 5-2 are the result of using four gyros
in the system and allotting 10 pounds weight and 10 watts power for the control
electronics and 25 pounds for the mounting structure which mates the gyro to the
vehicle. The same power welght penalties are employed to derive the system
equivalent weight as those prevliously used for the scissored palr configuration.

For the unmanned mission the gyro requirements change to the following:

Momentum 200 ft-lb-sec
Gimbal Rate 0.16 rad/sec
Control Torque 2 ft-1b
Gimbal Torque 1l ft-1b

A comparison between the gyro designs obtained for both manned and unmanned
missions is presented in Table 5-3. The gyro selected for the lower torque
unmanned mission runs at a faster speed than the high torque design because
bearing loads are lighter, and thus allow a smaller rotor design. More elec-
trical power, however, 1is consumed by the motor and makes the equivalent welghts
equal between the two designs after a mission time, D, of 102 days.
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4-FACS CMG CONFIGURATION COMPARISON

TABLE 5-3

Parameter nggue Tgigﬁe Unit
Momentum 200 200 ft-lb=-sec
Maximum Control Torque 2.0 25 £t-1b
Maximum Gimbal Torque 1.0 5 ft-1b
Rotor Diameter 14 16 in.
Rotor Speed 8833 7729 rpm
Single Gyro Weight 48 61 1b
Total System Weight 227 280 1b
System Average Power 77 52 W
System Run-Up Power 385 260 W
Equivalent System Weight | 240 + 1.48D | 290 + D | 1b
D = Time independent weight factor, 1b/day

The equivalent system weight obtained for the low torque design is shown in
Figure 5-7 and compared to the optimum reaction wheel curves. The entire L..FACS
curve represents only one design which is optimized at approximately 50 days,
whereas, each point on the reaction wheel curves represents an individual design
optimized for that particular orbital duration as discussed in Subsection V.A.

D. REACTION JET CONTROL SYSTEM

A low level reaction jet system was considered as a competitive fine atti-
tude control system. Both manned and unmanned missions were considered. The
system (Figure 5-8) consists of twelve low-level thrusters which produce pure
rotational couples about each vehicle axls. For the manned mission two-pound
hydrazine thrusters were selected to provide the required control torque of 25
ft-1b and a high effective gpecific impulse, Isp‘ The minimum thruster
impulse bit per axis, I, is

I, = 2TJ (At) = 0.06 lb-sec (5-20)
vwhere
At = Thruster minimum impulse delay time, 15 milliseconds
TJ = Rocket thrust (pounds)
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The "dry" or unfueled system weight, which varles between 60 and 80 pounds,
includes the fuel tanks, tubing, regulators, thrusters, solenoids, and electronic
package weights. To this weight must be added the required fuel welght which

is a function of limit cycle and disturbance torque requirements. For the
"design mission" system with 0.0l deg/sec rate and 0.l degree attitude dead-
bands, the limit cyecle fuel required is only 0.33 pound per day with an

Isp = 190, When considering the fuel requirements to overcome external torque
disturbances, the secular torques are neglected because both CMG and RCJ systems
require the same amount of fuel to control these torques. Considering only the
cyclic torques, therefore, the fuel requirement is 3.1 pounds per day. Finally,
the fuel required to overcome crew torques is estimated by allowlng for one
disturbance per axis every 5 minutes for a total momentum requirement of 870 ft-
lb-sec per day. The additional fuel needed is 0.33 pound per day; therefore, the
total fuel welght needed is 3.76 pounds per day.

Electrical power is required in the RJC system for the control computer
electronics and power supplies, the jet logic and failure detection networks,
and the thruster solenoids. A continuous power of 10 watts 1s needed with peak
requirements during thrusting of 160 watts.

An equivalent system weight comparison between the manned mission CMG con-
figurations and the RJC system is shown in Figure 5-9. The RJC system is plotted
with a conservative ISp = 190 sec as used in the previous calculatlons, and an
optimistic Isp = 215 sec as could be expected in advanced RJC hydrazine systems.
For short duration missions, less than 75 days, the RJC system weighs less than
either CMG configuration. Beyond 90 days where large amounts of RJC fuel are
needed, the L4-FACS CMG configuration is the lightest system, weighing approxi-
mately 380 pounds at 90 days.

For unmanned missions requiring very precise attitude control rates (0.0001
deg/sec) the reactlon jet control system is limlted by the minimum impulse bit

achlevable. From equation (5-20) and with & vehicle inertia, I, the minimum
impulse rate achievable 1is

é 2T, (At) L

(in) = T — (5-21)

where

L = Rocket moment arm (ft)

é(min) = Minimum impulse rate (rad/sec)
and the control torque or moment,Mv, imparted to the vehicle by the Jet couple is

M, = 2TJ L (5-22)
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Combining equations (5-21) and (5-22) gives the maximum allowable moment for
a given minimum rate.

B;U?JI)TEI (5 )
= ..23
Mv(m) At

This expression for three values of vehlcle inertia and a miminum thruster
delay time, At, of 15 milliseconds is shown in Figure 5-10. For a vehicle with
Iv = 20,000 slug-ftz, the control torque must be limited below 2.3 ft-1b to
achieve minimum impulse attitude rates of 10‘“ degrees per second. With a system
requirement of 2.0 ft-1b and lO'h deg/sec rate accuracy, the RJC system would
barely meet the accuracy requlrement and not allow for any system or thruster
tolerance variations.

The amount of fuel per day required for unmanned and manned mlssions is
similar. The difference is only 0.33 pound per day depending on the presence of
crew disturbances.

Another problem existing with the low torque RJC system 1s reliability.
Since the miminum impulse bit 1s very small, a large number of thruster firings
are necessary to oppose continuously the gravity and aerodynamlc torques that
are presents This 1s discussed in further detail in the following section.
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E. RELIABILITY COMPARISON

A rellability comparison of the CMG configuration and RJC system was
conducted for the manned mission; the results are presented in Figure 5-11.
Unlike the overall system reliabllity analysis of Section IX, only the torque
actuator portion of the system is considered in the comparison; other system
components (i.e., attitude reference, telemetry, etc) are common to all
systems under study. Each system i1s divided into major subsystems and prob-
ability of success numbers for a 1000~hour mission are derived for each sub-
system in a similar manner. The reliability estimates used are derived from
many standard sources (ref 7, 8); breakdown of some of the major system compo-
nents are tabulated in Appendix E.

The L4-FACS CMG system (which can continue to operate successfully after any
single gyro failure) requires a steering law computer, at least three of the four
gyros and gimbal loops, and assoclated electronics to complete a fine attitude
hold mission. The computer block includes all the electronics (the compensation
networks, CMG vehicle loop computer, and CMG steering law computer) needed to
translate the vehicle attitude error and rate signals into gimbal loop commands.
The gimbal loop block comprises the gimbal loop electronics, torque motor,
gimbal bearings, rate sensor, and all hardware used to maneuver the gyro's
momentum vector. The gyro rotor block includes the spin motor and bearings,
tachometer, speed control electronics, and associated gyro inner gimbal
hardware.

Allowing for any single-gyro fallure, the probability of success for the
4-FACS configuration over a 1000-hour mission is 0.9935, the highest of the
systems studied. The non-redundant computer is the primary source of fallure
for this configuration. A redundant computer was not considered for two reasons:
a comparison for a simple 4-FACS system was desired while added redundancy com-
plicate the system to galn higher reliability; and more CMG systems relil-
ability does not significantly enhance the overall control system reliability
unless redundancy is used throughout as shown in Section IX.

Two different configurations are consldered for the sclssored pair CMG
system. Configuration A 1s the "classical® scissored pair in which each gyro
pair 1s mechanically connected or electrically slaved together to always work
in a sclssored fashion as descrlbed in Subsectlon V.B. This configuration has
the disadvantage of requiring all six gyro wheels operating to obtaln the
required control capability. With one gyro failed, the cross coupling is so
great that the gimbal angle must be severely limited and the momentum exchange

capability 1s considerably decreased. A more relliable CMG scissored pair system
can be Implemented by employlng an electronic steering law to re-orient and

position the gyros after a fallure as 1s done in the 4-FACS configuration.
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Reliability Comparison, High Torque Systems
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This allows the sclssored pair system to successfully complete the mission with
one gyro falled. The momentum vectors of the gyros are re-orilented to a new
"initial angle condition™ or net zero angular momentum position after failure

of gyro 1 (Figure 7-53). To produce control torque along the X axis, gyros 3
and 4 are still driven in a scissored fashion and gyro 2 is held fixed. For
control torque along the Y axls, gyro 2 1s driven to produce the necessary tor-
que, and gyros 3 and 4 are driven in the same direction (clockwise or counter-
clockwise) to maintein zero torque along the X-axis. With this operating
technique, an lncreased probability of success Ps = 0.990% 1is obtained, yet still
not as high as the L4-FACS configuration.

The RJC system has the lowest reliabllity with PS = 0.941 for a 1000-hour
mission. The RJC system was divided lnto three blocks conslisting of computer,
fuel and pressure system, and rocket motors.

The computer includes all the electronics needed to translate attitude
error signals into RJC solenoid commands. The fuel and pressure system block
comprises the fuel and pressure gas tanks, tubing, regulators, control valves,
and assoclated hardware and electroniecs. The rocket motors are the least reli-
able RJC system component and strongly determine the overall system reliability.
Six rocket motors are considered sufficilent to maintain vehicle control, although
translation would be present and only one-half the normal control torque would
be avallable. If pure rotational couples at full torque are necessary, all
twelve rocket motors are necessary and the reliability decreases even further.

The unmanned, low torque mlssion system rellability remalns approximately

‘equal to the high torque system for the CMG configurations. Only a small dif-

ference due to lower torque to momentum ratio may be present. As ghown

in Figure $-12, however, a significant difference in reliability exists between
high and low torque RJC systems. The lower reliablility for lower torque missions
is a direct indication of the lower minimum impulse bit required for lower tor-
que, higher accuracy systems. As the minimum impulse blt 1s decreased for the
same orbital momentum requirements, more reaction jet actuation cycles are re-
quired, and hence, & lower rellability results.
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F, SUMMARY

Four competitive fine attitude control systems have been compared in this
section for a manned, high torque system and an unmanned, low torque system.
The comparison was predicated on system weight, electrical power consumption,
and reliabllity.

The manned mission systems requiring a 25 foot-pouni control torque, 3-Hz
bandwidth can be summarized as follows:

o Reaction Wheel: Requires most power and weight

e Scissored Pair CMG: Heavier than and less reliable than L4-FACS CMG

e 4-FACS CMG: Most rellable system and lightest CMG configuration
¢ RJC System: Least reliable, lightest welght system

The competitive fine attitude control systems have been compared equally
for system welght, electrical power consumption, and reliablility. The reaction
wheel system, which consumes the most electrical power, (1000 watts), 1is
the heaviest at 1200 pounds initial weight. As a result, it was eliminated
from consideration first. The lightest welght system for missions less than
1000 hours is the RJC system, but it is also one of the least reliable systenms.
For short duration misslons, therefore, a tradeoff must be conducted between
system weight and reliability. For a manned mission or a highly expensive and
critical "one of a type™ mission, reliability is of primary importance and a CMG

system should be selected. Of course, for missions beyond 1000 hours where large
amounts of RJC fuel are needed, CMG systems are the best cholce from both welght

and reliability considerations. The 4~FACS CMG configuration is approximately
50 pounds lighter, consumes 6 watts less average electrical power, and 1s more
reliable then the sclssored palr CMG system. These advantages are primarily due
to the 4-FACS configuration having only four gyro wheels (whereas, the scissored
palr has six) and the 4-FACS capability of operating acceptably even after one
of the four gyros has failed. The 4-FACS configuration, therefore, has been
selected as the preferred fine attitude control system for a manned mission.

The unmanned, low torque mission systems requiring 2 foet~pounds and 1-Hz
bandwidth can be summarized as follows:

e Reaction Wheel: High welght and power
o 4-FACS CMG: Most reliable system and lightest CMG configuration
e RJC System: Least relilable, lightest weight system
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Although the reaction wheel welght and power requirements are decreased for
the low torque mission, the requirement for desaturatlion once per orbit forces
the reaction wheel to absorb a large amount of momentum and, thus, be heavy and
consume great amounts of power. If desaturation were allowed during the attitude
hold portion of the orblt, the momentum requirements could be lowered and a
reaction wheel system might be desirasble. Only a three reaction wheel system
was considered for this study since thls was ample to show a preference for
CMG's. A redundant wheel or skewed arrangement of reaction wheels, however,
should be consldered for a competitive low torque study.

The 4~FACS CMG system studied is lighter than the reaction wheel system,
more reliable than the RJC system, and appears to be capable of very precise
accuracy when using a pseudo-torque feedback steering law. Until a detailed
study is conducted to determine the ultimate accuracy that can be achieved with
this type system, the effects of gyro loop non-linearities, as well as dual
speed operation technlques on system performance can only be estimated. At
present, CMG's are believed to be capable of achieving one arc-second accuracy.
One or two orders of magnitude better accuracy, however, 1s very questlonable
until more study and hardware data is accumulated.

Considering these factors, the 4-FACS CMG configuration has been selected as
the preferred system for the low torque mission also.
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SECTION VI
ATTITUDE CONTROL SYSTEM SYNTHESIS

In this section the selected 4-FACS CMG configuration is synthesized to
establish the loop gains and compensation networks required for obtaining the
desired system response and bandwidth, defining the operatlional modes and system
interfaces, and creating a starting point for an analog computer simulation.

The manned high control torque mission 1s synthesized first; most of the system
analysis effort during the study concentrated on this system. The unmanned, low
torque system 1s dilscussed briefly. Primary differences between the types of
systems which satisfy these missions are described.

A, SYSTEM DESCRIPTION

The 4-FACS CMG fine attitude control system block diagram shown in Figure
6-1 consists of a CMG steering law, four gimbal rate loops, a CMG gyro transfer
matrix, an uncoupled rigid body vehicle, attitude error plus rate feedback, and
a lead-lag compensation network. A high-level RJC system always connected in
parallel with the CMG system 1s used for damping large initial rates, desatura-
tion of the CMG configuration, and control during periods when fine attitude
hold 1s not necessary. During desaturation, a gimbal angle loop 1s closed
around the CMG to drive all gimbal angles back to their initial conditions. Ex-
cept for gimbal angle rate and supply voltage limiting, the system has been
linearized and all hardware non-linearities have been neglected 1in order to
obtaln a clear understanding of the basic 4-FACS configuration capabilities and
avoid becoming involved with complicating detalls which are not germane to the
basic system operatlon.

During the study, certain improvements were made to thls preliminary system
design, including the following: the additlon of a torque feedback loop to
the steering law; torque command limiting; and a direct reaction Jet desatura-
tion technique. The torque feedback steering law is discussed in Subsectlion
IV.D and the desaturation technique 1s explained in Subsection VI.D. A detailed

block diagram of the final overall system 1s presented in Appendix F and described

in Section X.

When the system is in operation, the gyros are initially off and have thelr
gimbals locked during launch and de-boost. The RJC system damps out initial
de-boost rates and establishes a limit cycle within its operating deadband (0.2
deg/sec and 0.5 deg). The gyros are then brought up to speed with the RJC
system cancelling out the spin motor reaction torques during startup.

72



14-02°2-00L

13

€4

wezdeTq {oOoTg POTITIAWIS
‘meqsdg TOJIUOD SOVI-H

1-9 9andtyg
20
s s% o 145817
P u— 2 = ¥ 4007 TVENID e N
" [ P T 7, Wy aix LeSiy 2z
2y,
£ 4007 WBWID .
AQy ¥Ee o
s XIH1VW
‘ulllll.a N - % ) HIISNVHL Qz”u(w.—mhm L+5%L
! 1| ouao oWd Z 4007 WEWIS —O—l: WO ——=An X
22 Al teshs ?
ArHy
xay
. u 5, WO X,
uy M Y _\ te 1485
s [l L+ .&iulvfmb ] X%
Py T - T + XB « o SR A7 A @ TestL
; St : _ o f
xrdy s TN
$0193130 1
NOLLYHNLVS _ ETCTY dy
——
. W O 4007 VERID
¥ w | L4 ta (X %
£x Uy
o
o= — — o ————— — - —— — c— ——— — — ——— —— — _— G \—— w—
_ WILSAS O _
“ YILSNYHL _
_ 1901 _ M ﬁ - vy _
R |

i3r

RN

Sl

9

s



After the gyros have attalned a constant running speed, the gimbals are released,
initial gimbal angles commanded, and the fine attitude hold mode initiated. In
this mode, the gyros maintain the vehicle rate and attitude error within 0.0l deg/
sec and 0.1 deg respectlively as they absorb the momentum imparted onto the vehicle
by disturbance torques. Secular torques finally cause the gyro configuration

to reach a maximum gimbal angle and saturate. A saturation detector, which
monitors each gimbal angle, combined with a loss of sun signal initlates the
desaturation mode. In the design mission, the gyros are sized so that desatur-
ation 1s necessary only once per orbit and would take place during the perilod

when the vehlcle 1s in the earth's shadow and attitude hold is not required.
During desaturation the gyro gilmbal angles are all driven back to their initial
angles simultaneously and consequently lmpart torque to the vehicle. The RJC
system is used to counter the gyro torque and maintain vehlcle attlitude and rate
durlng desaturation. When the gyro configuration has returned to its zero-

stored momentum configuration, the desaturation loop 1s disengaged and fine
attitude hold mode 1s resumed.

B. GIMBAL CONTROL LOOP

The gimbal control loop shown in Figure 6-2 employs a direct drive torque
motor and tachometer to provide a gimbal rate command mode. A direct drive
torquer has been selected since it simplifies the analysis (no backlash or dead-
zone as in a geared torquer) and provides a clear insight into control loop oper-
ation. A torquer current feedback loop 18 used to provide tight torque control
and make the system insensitive to amplifier and torque motor variations, and hard-
ware non-linearities. An integrator 1s employed in the loop to create a first
order system with zero steady-state error. The current loop gain is adjusted

to create a double real axis pole at we = 5—%— . The outer loop employs gimbal
M

rate feedback and when closed creates a third order system consisting of a
complex pole palr and a real axis pole. For the design mission, a 5-ft-1b
torquer with TM = 10 milliseconds was selected; the gimbal lnertla was JG = 1.1
slug-ft2 and the loop galn was adjusted to give the followlng response:

_ 72 (22)°
a. (s +72)[52+ 2 (0.62) 22 5 + (22)2] (6-1)
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Gimbal Loop Block Diagram, Direct Drive Torquer
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C. SINGLE-AXIS VEHICLE LOOP

The single axis attitude control loop (Figure 6-3) was created to establish
the loop galn and compensation networks needed to attaln a system bandwidth
greater than 3 Hz. The loop consists of the gimbal rate command loop discussed
in Subsection VI.B., the gyro torque/gimbal rate transformation, the rigid body
vehicle dynamics, attltude error and rate feedback, a lead-lag compensation
network, the steering law matrix in-axls diagonal galn, and a gimbal rate
limiter.

For the "design mission" problem with h = 200 ft-lb-sec and Iy = 56,000
slug-ft2, a rate feedback gain KR = 0.25 sec and compensation time constants
Tl = 0.1 sec and T2 = 0.02 sec that were selected provided the root locus of
Figure 6-4. The vehlcle poles at the origin approximately cancel with the com-
pensation zeros and the gimbal loop complex pole pair determines the permissible
open loop gain and closed loop bandwidth. A gain of Ky = 1.25(10)6 that was
selected provides the closed loop frequency response shown in Figure 6-5. The
gimbal rate limlter is adjusted so that the gyro torque, Tgy’ is sufficiently
large to counter the disturbance torques but not produce excessive load on the
gyro bearings. The other two vehicle axes are synthesized in an identical
manner and the gains Kx and Kz are adjusted to obtain the same open loop gain.
Therefore, an identical, uncoupled closed loop response 1s obtained in =all
three vehlcle axes.

D. DESATURATION AND MOMENTUM UNLOADING

When the gyro conflguration has absorbed its maximum momentum and the gimbal
angles reach saturation, the gyro configuration must be returned to i1its initial
zero angular momentum state. To accomplish this, the RJC system must expel an
amount of momentum exactly equal to that stored in the gyro configuration at the
initiation of desaturation. If the RJC system momentum unloading 1s inexact as
a result of the rocket system having a minimum impulse bit, the remaining
momentum is again absorbed by the gyro, consumes part of its momentum envelope,
and does not return the gyro to its zero momentum state. Therefore, con-
sideration must be glven to the CMG/RJC interface when sizing the gyros and
rocket thrusters so that the minimum Impulse bit of the RJC system i1s suffi-
clently small to allow the gyro to reach near complete desaturation.

Another desirable, but not always necessary, requirement of the desaturation
technique is that 1t maintain the vehlcle attitude and rates near null during
desaturation.
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Two principal methods of desaturation were considered in this study. The
first and most direct method (Figure 6-1) 1s to close a gimbal position loop
and command each gyro to return to its zero angular momentum position. As the
gyros are driven to thelr initial angles, a torque is produced on the vehicle
and the RJC system 1s used to cancel the torque and maintain attitude control.
Relay K1 (Figure 6-1) disconnects the attitude error signal to the CMG's during
desaturation. When the gyro angles reach their initial condition, relay K1
returns to the attitude hold position and the gyros must null out any remaining
vehicle attitude rate. This remalning rate must be minimized because it
creates a vehicle momentum which the gyros will be forced to absorb and thereby
offset thelr initial angles. Analog computer studles were conducted to deter-
mine the ability of the system to re-orient the gyro to its null condition

during combined axes desaturation; the results are presented in Subsection
VII.E.

The second method (Figure 6-5) is to transform the gimbal angle errors to
RJC pulse commands which cause the gyro to produce an opposing vehlicle torque
and thus unload its stored momentum. During desaturation, the RJC thrusters
are pulse modulated at a duty cycle which allows the CMG gystem sufflcient
authority to maintain attitude control.

Although this method requires slightly more system complexity (angle trans-
formation and pulse modulator), the vehicle rate can be maintained very low
during desaturation since the CMG system maintains fine attitude control and
subsequently the gyro angles can be returned very close to their initial angles
(zero net momentum). An analog computer simulation was conducted and proved this
method desaturated the gyros more thoroughly and in a more repeatable manner
than the first technique.
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E. UNMANNED (LOW TORQUE) SYSTEM

The unmanned system reduiring lower bandwidths and control torques can
eliminate some of the complexity present in the manned, higher response system.
Since the gimbal loop bandwidth at approximately 22 rad/sec is much higher
than the required outer loop bandwidth, 5 rad/sec, the lead compensation in the
forward loop can be removed. Therefore, in Figure 6-1, Tl = T2 = 0 and only the

gain Kx exists in the forward loop path.

Since very high attitude accuracy 1s desired and no integration is employed
to "washout" an attitude error during a steady disturbance input, a lower limit,
Kﬁ(min)’ must be placed on the compensation galn so that:

N Txﬁmax)
Kx(min) c P
where
Ty (max) = Maximum X-axis output torque (£t-1b)
ge = Allowable attitude error (radlans)

For the design requirements of Tx(max) = 2 ft-1b and ¢e = 0,001 deg,
Kx(min) > 1.15 (10)7. Since the requirements are the same in all three axis
Ky and Kz must also be equal to or greater than Kx(min)'

Another possible modification with the low torque system 1s to derive the
feedback signals for the pseudo-torque feedback steering law directly from the
gyro gimbal rates and angles, and thus, enclose the gyro within the steering
law loop. Thls technique allows gyro nonlinearities to be included within
the steering law computations and avoids errors due to neglecting the gimbal
loop dynamlics and nonlinearities. The inner steering law closed loop bandwidth
can still be made faster than the outer vehicle loop, and thus achieve low
cross-axis coupling.

Also, since lower control torque 1s needed, the CMG design can be altered to

achleve a lighter weilght configuration. This is discussed in detail in Sub-
section V.C.
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SECTION VII
ANALOG COMPUTER SIMULATION

The 4-FACS gyro configuration and vehicle dynamics were simulated on two
interconnected Applied Dynamics/Four analog computers. Both the constant galin
and the pseudo-torque feedback CMG steering laws were modeled. The gimbal loop
was simplified by representing the torque motor current control loop section as
a double lag. The RJC system output was represented by a torque step with a delay
of 12 milliseconds and a minimum duration of 15 milliseconds. A three-axis,
rigid-body vehicle was modeled. Analog computer diagrams are shown in Appendix D.

Torque disturbances and vehicle attitude commands were imposed on each in-
dividual axis with and without stored momentum in the system. These tests were
run with three and four gyros operative with the constant gain steering law and
with the pseudo-torque feedback steering law. Momentum desaturation methods were
investigated for various combinations of stored momentum. Phases of the mission
profile were simulated. A scissored pair system with one gyro falled was
simulated to compare its behavior with that of the 4-FACS configuration with one
gyro failed. Finally, the behavior of an unmanned, low-torque system with
lower bandwidth requirements was investigated.

The results of the analog computer study are presented in the remainder of
this section.

A, SINGLE-AXIS (NO STORED MOMENTUM) RESULTS - FOUR GYROS OPERATIVE

Two types of torque disturbances were imposed on the 4-FACS system employing
a constant galn steering law: a step input of 25 ft-1b for one second and a sinu-
soidal input of 50 ft-1b peak-to-peak at a frequency of 1 Hz. The results are
summarized in Table 7-1; analog computer traces of step input responses in the
pltch axls are shown in Figure 7-1. The responses in the other two vehicle
axes have the same characteristics because the loop gain is identical in each
axis.

As shown in Table 7-1, a step torque input on a vehicle without a fine
attitude control system (open loop) produces attitude rates and errors that are
roughly ten times the rates and errors obtained in a vehicle using the L4-FACS
CMG fine attitude control system (closed loop) employing a constant gain steering
law. The same table shows that the gyro response characteristics, as would be
anticipated, are the same in the three axes; the lower maximum gimbal rate in the
piteh axis is due to the higher torque capability of the 4-FACS configuration in
that axis. The sinusoidal torque disturbance that was imposed on the vehicle is
representative of disturbance torques due to crew motion that can be encountered
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in the course of a manned mission. Table 7-1 shows that the 4-FACS system in the
simulated configuration holds attitude error to well within the desired limit of
0.1 deg/sec and exceeds the limit on attitude rate by 20 percent only when the
disturbance is in the roll axis because of lower inertia in that axis.

Attitude step commands of 0.015 degree and 0.1 degree were imposed on each
axis with a constant gain steering law employed. The results are summarized in
Table 7-2 and computer traces of pitch axis step reponses are shown in Figures
7-2 and 7-3. Because of the lead compensation gain, an attitude command of
0.015 degree 1s the largest command for which gyro gimbal rates do not reach the
limit., Attitude step commands of 0.1 degree rate-limit the gimbals, causing
higher overshoots and longer peak times, as well as, producing large excursions
of gyro gimbal angles.

TABLE 7-1

SINGLE-AXIS RESPONSE TO TORQUE
DISTURBANCE - CONSTANT GAIN STEERING LAW

Input Pitch Roll Yaw Unit
Attitude Open Loop 0.0256 0.0796 | 0.0239 Deg/Sec
Rate Closed Loop |0.00325 | 0.008 |0.0025 | Deg/Sec
Step Atgi;gge Zien Loop 0.0128 0.0398 | 0.0119 Deg
Input osed Loop | 0.00122 | 0.0035 } 0.0011 Deg
Maximum Gimbal Rate 0.0525 0.075% 0.075 Rad/Sec
Peak Time 0.23 0.23 0.225 Sec
Overshoot 18 18 18 Percent
Maximum Attitude Rate 0.00375 | 0.0120 0.0035 Deg/Sec
Single | Maximum Attitude Error | 0.00063 | 0.0020 | 0.00067 | Deg
Input Maximum Gimbal Rate 0.0505 | 0.0720 | 0.0687 | Rad/Sec
Step Input of 25 ft-lb for 1 second
Sinusoidal Input of 50 ft-lb peak-peak at 1 Hz
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TABLE 7-2

SINGLE AXIS ATTITUDE STEP
RESPONSE - CONSTANT GAIN STEERING LAW

Axis Pitch (8) Roll (o) Yaw (¥) Units
Attitude Command 0.015 } 0.10 0.015 | 0.10 0.015 | 0.10 Deg
Maximum Attitude Rate | 0.035 | 0.15 0.036 | 0.187 | 0.03% | 0.138 | Deg/Sec
Attitude Peak Time 1.0 1.6 0.95 1.15 1.1 2 Sec
Attitude Overshoot L.,2 17.5 8.35 10.0 L. 2 25 Percent
Maximum Torque 220 235 175 175 165 165 Ft-Lb
Maximum Gimbal Rate 0.382 0.425 | 0.424 0.424 0.400 0.400 Rad/Sec
Maximum Gimbal &a 4.5 15.75 | 0.8 9 4,5 20.2 Deg

Amplitude ratio and phase curves for the system with a constant gain steering
law are shown in Figure 7-4. The frequency response is identical in each axis
since the loop gain is the same. The curves show the system has a closed loop
bandwidth of 3.9 Hz which is adequate to meet the design requirements of 3.0 Hz.
The rise and dip at low frequencies are due to the inexact cancellation of the
system compensation zeros and poles near the orlgin.

The pseudo-torque feedback steering law does not change appreciably the
behavior of an uncoupled system (one in which no momentum is stored) because
its only effect under these conditions is to add a pole at 200 rad/sec. The
response to a step torque disturbance in the pitch axis for a system with pseudo-
torque feedback steering law is shown in Figure 7-5. Comparison with Figure 7-1
shows the similarity in behavior between the two steering laws when zero momen-
tum 1s stored.

B. SINGLE-AXIS (NO STORED MOMENTUM) RESULTS - ONE GYRO FAILED

Failure of one gyro causes the initial positions of the other three gyros
to be modified. If the gains in the steering law are not modified accordingly,
the loop gain when using the constant gain steering law will be reduced by 39
percent in the Y axis and 29 percent in the other two axes. If the pseudo-
torque feedback steering law is adopted instead, no loss in bandwidth due to the
loss of a gyro occurs because the steady-state value of gyroscoplc torque is
always equal to the steady-state value of commanded torque with no loss in loop
gain. The frequency response of a three-gyro, uncoupled system using a constant
galn steering law and the frequency response of the same system with a pseudo-
torque feedback steering law is presented in Figure 7-6. The pseudo-torque
feedback steering law has the effect of making the bandwidth of a three-gyro
system the same as the bandwidth of a four-gyro system without requiring changes
to the steering law matrix gains after a gyro fails.
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Step torque disturbances of 20 ft-1b were imposed on a system with one gyro
failed. The response of a system with constant gain steering law 1s shown in
Figure 7-7; the response of a system with pseudo-torque feedback steering law is
shown in Figure 7-8. The loss in loop galn with the constant gain steering law
is evidenced by the larger peak time and consequently higher vehicle rate. The
response of an uncoupled system to step torque disturbances for the various con-
figurations studled 1s presented in Table 7-3. Although an uncoupled system
with one falled gyro and the constant gain steering law still satisfles the
maximum rate requirements, 1ts performance is improved consliderably by using the
pseudo-torque feedback steering law.

Attitude step commands of 0.015 degree were imposed on each axis. The sys-
tem response with constant gain steering is shown in Figure 7-9; the response
when employing pseudo-torque feedback steering law is shown in Figure 7-10. Here
again the lower loop gain of the constant galn steering law configuration is
evident,

C. THREE-AXIS RESULTS - FOUR GYROS OPERATIVE

When momentum 1s stored in the system, the gimbal angles deviate from the
+45 degree initial positions and the constant gain steering law i1s not exact,
thus causing cross-couplling between the axes, as discussed in subsection
Iv.cC.

Typical responses to step torque disturbamces with momentum stored in one
axis and a constant gain steering law employed are shown in Figure 7-11 and
7-12. The effect of storing momentum is summarized in Figures 7-13 and 7-1k.
The effeect of eross~coupling on vehicle rate is particularly noticeable; for
large amounts of stored momentum, vehicle rate in the cross-axis is so large
that it exceeds the magnitude of the in-axlis rate. In all cases considered,
however, attitude rate and error remained below the "design mission" limits.

The amount of cross-coupling is drastically reduced when the pseudo-torque
feedback steering law is employed, as shown in Figure 7-15. The effect of the
pseudo-torque feedback steering law on cross-coupling is summarized in Figures
7-16 and 7-17.
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Torque amplitude ratio and phase curves for the in-axis and cross-axis
response with the constant gain steering law are shown in Figure 7-18 and 7-19
(input in Y axis) and in Figures 7-20 and 7-21 (input in Z axis). A significant
amount of torque cross-coupling is within two octaves of the bandpass frequency -
more so than is apparent from the step responses discussed previously. Stored
momentum, however, does not affect the in-axis response as much.

When the pseudo-torque feedback steering law is adopted, stored momentum
causes practically no cross-coupling even at high frequencies, and the in-axis
response 1s also affected very little (Figure 7-22).

When the constant gain steering law is used (Figures 7-23 and 7-24), the
gain margin of the system increases as more momentum is stored in one axis.
(This characteristic was found to hold true also when momentum is stored in
multiple axes.) The advantage of this characteristic is that each system axis
can be deslgned independently as a single-axis system at zero stored momentum
with the confidence that no point within the momentum envelope makes a system so
designed unstable. When the pseudo-torque feedback steering law is adopted,
the gain margin is 8 db in every axls and does not change when momentum is
stored.

When an attitude step command is given in one axis with momentum stored in
one axis, a system with constant gain steering law responds as shown in Figures
7-25 and 7-26. The amount of cross-coupling is reduced considerably when the
pseudo-torque feedback steering law is employed (Figure 7-27). The effect of
stored momentum in the ¥ axis on cross-axis vehlcle rate for systems with con-
stant gain and pseudo-torque feedback steering laws is summarized in Figure 7-28.
With the pseudo-torque feedback steering law, the cross-axis rate does not
exceed 0.01 degree/second. Similar results are obtained with momentum stored
in the Z axis.
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D. THREE-AXIS RESULTS - ONE GYRO FAILED

Fallure of one gyro reduces the momentum envelope of the system as discussed
in Subsection IV.F and increases the amount of cross-coupling with stored momen-
tum when the constant gain steering law is used. Responses to step torque dis-
turbances when momentum 1s stored in one axis with the constant galn steering
law are shown in Figure 7-29 and 7-30. The drop in loop gain that was notice-
able in the single axis response (Figure 7-7) has a greater effect as momentum
is stored. Adoption of the pseudo-torque feedback steering law, decreases cross-
axis coupling and improves the performance of the system considerably. With
lower coupling, a larger momentum envelope can be achleved for the same cross-
axls rate. The amount of cross-coupling i1s greatly reduced as shown in Figure
7-313; comparison of Figure 7-31 with Figure 7-15 shows that when the pseudo-
torque feedback steering law is employed, fallure of one gyro causes no apprecl-
able decrease 1n performance.

The effect of stored momentum on system response to step torque disturbances
is summarized in Figures 7-32 and 7-33. When gyro No. 1 has falled, momentum is
stored in the Y axis by increasing the gimbal angle (positive momentum) of gyros
2 and 4 or decreasing the angle (negative momentum). The initial position of
the two gyros 1s -30 degrees. Since the sine and cosine curves are not symmet-
rical about -30 degrees, storing positive or negative momentum in the Y axls has
different effects and explains the asymmetry of Figure 7-32. If gyro No. 2 had
falled, the asymmetry would be opposite. When momentum is stored in the Z axis,
on the other hand, gyros No. 2 and % move in opposite directions. Consequently,
the same system response is obtained whether positive momentum or negatlve mo-
mentum 1s stored, and Figure 7-33 is symmetrical about zero stored momentum.
Cross-coupling with three and four gyros operative is compared in Figures 7-34
and 7-35. With the exception of stored momentum in the negative Y axls (posi-
tive Y axis if gyro No. 2 is failed), failure of gyro No. 1 causes an Increase
in cross-coupling when the constant gain steering law is used. When the pseudo-
torque feedback steering law i1s used, very little cross-coupling occurs in
elther case.

The asymmetry of storing momentum in the Y axis shows up again in the con-
stant gain steering law frequency response curves shown in Figure 7-36 (in-axis
response) and in Figure 7-37 (cross-axis response). Storing negative momentum
in the Y axis increases the system bandwidth by as much as 1.5 octaves, while
positive stored momentum has the effect of lowering the bandwidth. Less cross-
coupling is caused by negative stored momentum than by positive. System band-
width is not greatly affected by stored momentum; however, cross-coupling 1s
very sensitive to it. When the pseudo-torque feedback 1s used, the response 1s
practically the same as with all four gyros operative: storing momentum,
which has very little effect on in-axis response, causes negliglble cross-axls
response.
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Storing negative momentum in the Y axis causes an X and Z axis drop in gain

'fmargin and a rise in the Y axls when the constant gain steering law 1s employed.

An Inecrease occurs with momentum stored along the positive Y axls as shown in
Figure 7-38. This asymmetry would be reversed if gyro No. 2 had failed. Never-
theless, the galn margin never drops below the value for four gyros operative.
The effect of stored momentum in the Z axis on gain margin is shown in Figure
7-39. The Y axls has a higher gain margin. When one gyro is failed and the
constant gain steering law 1s used, the loop gain in the Y axis 1s lower than in
the other two axes. Adoptlon of the pseudo-torque feedback steering law glves a
constant gain margin of 8 db, independent of stored momentum.

The response to attltude steps with gyro No. 1 falled and the constant gain
steering law 1s shown in Figure 7-40. The amount of cross-coupling is reduced
and the response improved when the pseudo-torque feedback steering law 1s
employed (Figure 7-41).

E. MOMENTUM DESATURATION

Two methods of momentum desaturation were investigated: the gimbal position
loop method, in which a position loop 1s closed around each gimbal and the gim-
bals are driven to thelr 1nitial positions; and the RJC method, in which momen-
tum 1s unloaded by commanding torque pulses from the reaction jets. These two

’methods are described in detall in Subsection VI.D.

When the gimbal position loop method is used, the reaction jJets maintain
fine attitude and oppose the torque produced by the CMG's. As soon as desatura-
tion 1s complete, the L4-FACS 1s reconnected into the attitude loop and the CMG's
may be required to reduce a relatively large attitude and rate error, and thus
store momentum in the system. The error might be large enough to rate limit the
gimbals. As a result, when the 4-FACS is trying to reduce the rate and attitude
error to zero, the vehicle rate can increase enough to cause the reaction Jets
to fire, and thus store momentum and cause incomplete desaturation. In some
cases, the vehlcle rate at the end of reaction jet firing 1s large enough to
cause the gyro to resaturate in the process of reducling the error. Thls problem
can be eliminated by reducing the switching line and gimbal rate limit during
desaturation so that at the end of desaturation the vehlicle rates are close to
zero. A phase plot for desaturation in the Y axls when the vehlcle rate dead-
band switching line has been lowered by one-half and the gimbal rate 1limit has
been reduced threefold is shown in Figure 7-42. Time histories of gimbal
position loop desaturation for various multiple-axis combinations of stored
momentum are shown in Figures 7-43 and 7-44; behavior of the gimbal position
loop desaturation method 1s summarized in Table 7-4. The amount of momentum
stored at the end of desaturation depends on the vehicle rate at the time the
4.FACS is re-engaged. Hence, the amount of momentum that remains stored in the
isystem when desaturation 1s completed i1s difficult to predict a priori.
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TABLE 7-k4

MOMENTUM DESATURATION
(GIMBAL POSITION LOOP METHOD)

Momentum Final Gimbal Angles Momentum Stored at End of
Stored (degrees) Desaturation

e |By | Hp) o3 | ap | @3 | oy %f §¥ 2% LEJ
X We 7 1 W (45,2 {454 | -0.0045 | 0.002 [ -0.01 0.0111
X 48.1 j 4.2 [ 49,8 | 44,2 | 0.0163 | 0.116 | -0.0148 | 0.118
X |4.5|Ww.0|42.6 |42.4 |-0.001% | 0.0108 | 0.082 | 0.0825

X 44,9 | 44.2 | 49.5 | 40.7 | 0.0735 | 0.119 |-0.0057 | 0.140

X X | 5%.9 | 54.0 | 47.7 {47.7 | -0.0091 | 0.008 0.198 | 0.201
¥ 8 | 45.2 | 46.7 [ 34.5 | 0.0825 | 0.158 0.1325 | 0.2225

X | X |X |43.8|40.8|33.6 [30.1 | 0.147 |-0.0042 | 0.049 |0.156

When the RJC desaturation method is adopted, the 4-FACS remains in the atti-
tude control loop, so that during desaturation, the attltude error does not
exceed the design limlit. Examples of RJC desaturation for various combinations
of stored momentum are shown in Figure 7-45 and 7-46. The combination of stored
momentum in Figure 7-46 i1s the same as that in Figure 7-44; comparison of the
two traces shows how much more predictable the behavior of the RJC system tech-
nique is. Behavior of the RJC desaturation method is summarized in Table 7-5.
The accuracy of this desaturation method depends primarily on the reaction Jet
minimum impulse size. For the design mission, the minimum impulse was 1400 ft-
1b for 15 milliseconds, or 21 ft-lb-sec; the momentum of each gyro was 200 ft-
1lb-sec so that in normalized parameters the momentum per RJC firing was 0.105.
In all the cases presented in Table 7-5, the momentum left in the system at the
end of desaturation was very close to this value.

During the study, asynchronous pulse modulators were used in each axis to
avold having reaction Jets in more than one axis firing simultaneously, thus
providing a smaller momentum bit during desgaturation.

The loglc required for the gimbal position loop method 1s simpler than that
needed to implement the RJC method. The RJC desaturatlion network, however, 1is
in parallel with the fine attitude control system; therefore, no changes are re-
quired when desaturation 1s to take place. The gimbal position loop method, on
the other hand, requires disconnecting the fine attitude control system and
changing the gimbal loop rate 1limlt and the RJC system deadbands. Moreover, the
behavior of the RIJC method is more predictable than the behavior of the gimbal
position loop method. Notwithstanding its more complex logic, therefore, the
RJC momentum desaturation method is preferred.
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MOMENTUM DESATURATION
(REACTION JET METHOD)

TABLE

7-5

Momentum | Final Gimbal Angles Momentum Stored at End of
Stored (degrees) Desaturation

Hy Hy Hy | aq oo ajy ay E}% _I_{g _I_IEZ_ “g“
48,1 | 42.3 | 46.2 | 45.2 |-0.045 | -0.085 |-0.005 | 0.0963

X 40.6 | 48.9 | k1.1 | 49.5 [-0.002 0.1055 | -0,010 | 0.105

X |41.1{%.1|48.9|48.9 | 0.0 0.0 -0,135 | 0.135

X 48.9 | k2.1 | 44.5 | 48.4 |-0.095 | -0.038 |-0.015 | 0.103

51.4 | 47.4 | 51.5 | 45.9 | 0.016 -0.110 0.012 | 0.111

39.% | 39.% | 46.1 | 45.9 | -0.0015 | -0.002 |-0.111 | 0.111

49.8 | 43.6 | 43.8 | 51.6 0.127 0.002 -0.002 0.128

F, MISSION PROFILE SIMULATION
The following mission phases were simulated to evaluate the selected manned

ymission design:

De-boost and stabilize attitude rates
Initiate fine attitude hold
Hold fine attitude

Re-acquire sun during attitude hold
Failure of one gyro
Hold fine attitude with one gyro failed
Re-acquire sun with one gyro failed

The system used in the mission profile simulation employed a pseudo-torque feed-
back steering law and RJC momentum desaturation.

During de-boost and stabilization, the sun is acquired and the de-boost

The vehicle roll rate being
damped out to the RJC 1limit cycle upon activation of the reaction jet system is
shown in Figure 7-47; the other two axes behave similarly.

rates are damped out by activating the RJC system.
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When the vehicle has established an RJC limit eycle, the 4-FACS is actuated
and damps out the rates. If the system i1s engaged in all three axes at the same
time, high gyro torques are commanded and large gimbal angle excursions occur.
The best results were obtained by engaging each axls of the W4-FACS individually
when the attitude error in that axis 1s near zero. A phase plot for the Z axis
is shown in Figure 7-48; a time history for all three axes is shown in Figure
7-49.

The behavior of the fine attitude control system during fine attitude hold
was investigated. Sensor nolse was represented in each axis by a sine wave with
a peak amplitude of 0.02 degree and frequency of 1 Hz; the X axls sine wave was
180 degrees out of phase with the other two axes. Man-motion torques in the Y
axis were reproduced by white noise filtered through a double lag at 1 Hz with
an rms amplitude of 10 ft-1b and peaks not exceeding 25 ft-1b. Man-motion
torques in the other axes were simulated with manual pots and function switches.
The system behavior during fine attitude hold with three and four gyros opera-
tive is shown in Figure 7-50. Various combinations of stored momentum were sim-
ulated corresponding to different points in the orbit. With both three and four
gyros operative, attitude and rate errors were held within the prescribed
1imits.

Sun reacquisition was simulated by applying simultaneous attitude steps of
0.025 degree in all three axes. An attitude error of 0.025 degree is the maxi-
mum to be expected after emerging from the dark side. System behavior with
three and four gyros operative 1s shown in Figure 7-51. As expected, vehilcle
rates during sun reacqulsition exceed the design 1limit of 0.0l deg/sec. Even
with one gyro falled, gimbal angle excursions are not large enough to cause de-
saturation to occur.
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P

Two different types of gyro failure were investigated. In the first case, a
gyro was shut off because an impending failure had been sensed: one example
would be a high temperature reading in a bearing, indicating excessive friction.
The falled gyro was then dlsconnected and allowed to spin down, while the steer-
ing law and gimbal angle 1limits were changed to the three-gyro configuration.

In the second type of failure investigated, a gimbal angle was driven hardover
due to some drastic failure such as loss of gimbal rate feedback. In this

case, the discrepancy between commanded and actual gimbal rate was sensed by
failure detection circuitry, the gimbal was stopped, and power removed. Then,
the CMG system was changed to the three-gyro configuration. The fallure was
simulated by opening the rate feedback loop. When the discrepancy between
commanded and actual gimbal rate was sensed, a first-order lag with a time con-
stant of 0.5 second was closed around the gimbal rate integrator, and thus sim-
ulated braking of the gimbal. The system reaction to both types of failure is
shown in Figure 7-52. 1In this case, a desaturation command was given at the
time of the failure so that the gimbals were driven to the initial positions for
the three-gyro configuration. 1In practice, this technique may not be necessary
and one may walt to desaturate until the system is saturated or until it is de~
sirable to do so. In this case, the first type of failure would have no effect
on fine attitude hold; the effect of the second type of failure would be reduced.

The mission profile simulation discussed in this section shows that the
L4-FACS does not exceed the "design mission" limits during normal operation and
during operation with one gyro failed.

143



S

]
|n|
[ . i
il i
I i min
] iy i
; e
j S S A
: T T Wi O 2
Al 0 O O S T wnummmrmn A AR
T e I Jmhnmunm|mnuuumumm A s
1 (e 00 o O e
Wi i \ ' T ek 1 e
L ; i I .mummumnummmmuumnm xumnmumnn.sm.»mmmm.n"sm
I ‘uunmmunmmhmnumnmnmm TR T S
I L numnmmmnxnmmimnnnmunm A N
PR I 0 O o R, e R
' mummmmnumnnm!mummm A e A mw'zsast::::::::::,...dr
i i M0 R M
. R o R A B
¥ 1 10001 B0 e e O
0 T 5 000 R o A R
-3 (-]
g9°§8 82%2°98g 8¢°%g 99 8§ gg 5§°§$
~N ] - - '_0 lllu
8,4 g8 o.a 5 .8 8 49
g8 g<a §<3 g du By
o a ] o s =g
I i T 1
AL B ARNR ~
! I S AT R
A s A AR R
i FRIRISAINN I i
, DI | E L T ]
‘ .1 R -
‘ P it
J E
L1l Q
] L 8
,. { oo _“ g I 3
" L N .
o
Suen sesqg osteyy 34 3; ss"g; $5°358
o © - w w
gus S48 $uf gl 8 g
W Q
HE H O i i e
g%8 geu ] By 5y 2w
° @ e ] >3 =2

PASSIVE FAILURE, GYRO NOD. 1

YAW ANGLE

RATE, DEG/SEC

t 40 MIN

ROLL ANGLE
RATE, ?EGISEC
¢

i
1
i
N a
5 by it
i T He
i e
A -
il i
f) i " 0
i
i L )
? . ) "
; U
d \ u
11 TS
# :
i el
-t
ki )
-~ o
% % d e 3
>
=3

7008.27

HARDOVER FAILURE, GYRONO. 1

t=0

Figure 7-52
Gyro Fallure

1l



G. COMPARISON BETWEEN 4-FACS AND SCISSORED PAIR SYSTEM — ONE GYRO FAILED
OPERATION
The particular scissored pair configuration used in this comparison is
shown in Figure 7-53. Failure of one gyro in the X axis causes coupling in the
Y axls but no coupling in the Z axls, so that in this study only the X and Y
axes were simulated. The torque produced by this particular configuration with
gyro No. 1 falled 1s

Ty -sin a, cos az  cos ay &2
= -h a3 (7-1)
_Tx‘ | cos a, -sin a3 sin ay, ay,

Two different steering laws were analyzed. In the first one, each pair of gyros
were mechanically geared so that two gyros in a pair always had their total
momentum vector along one axls. In the second steering law, the gyros were
steered electronically so that a pair of gyros did not necessarily have 1ts
total momentum vector pointed along one axis. In the event of fallure of gyro
No. 1, for example, a torque command in the X axis causes gyros No. 3 and 4 to
move together with gyro No. 2 so that no coupling occurs in the Y axis.

The steering law for mechanically geared gyros is

- b - -y - -
Toe 0 1 TYC
. 1
=] = -2
O30 \B 0 (7-2)
bt 1
a = 0 T
. ]+c.4 -.45 .- L. XC_,

The steering law for electronically steered gyros is

. - — - r W
a2c 0] 1/2 TYC
. 1
a3e | =| = 1/2 (7-3)
V3
. 1
T ﬁ -1/2 TXC

The pseudo-torque feedback steering law described in Subsection IV.D was also
applied to the electronically steered scissored pair configuration and a gain
of 200 rad/sec was used as in the 4-FACS simulation.
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The momentum limits for the 4~FACS and scissored palr systems are compared
in Table 7-6. As shown, the envelope for either scissored pair configuration
is considerably larger than the envelope for the W~FACS configuration. At
least one point in the scissored pair envelopes (depending on which gyro has
failed), however, is close to a point in the 4-FACS envelope., The limit in the
negative Y axls for elther scissored pair configuration with a gyro failed in
the Y axis 1s very close to the W-FACS limit with gyro No. 1 or 3 failed. For
this reason, the 4-FACS was compared with scissored pair systems having equal
momentum gyros (200 ft-lb-sec). The same gimbal loop and the vehicle character-
istics used in the 4-FACS study were adopted.

Step responses of systems with mechanically geared gyros and electronically
steered gyros with constant gain steering law and with pseudo-torque feedback
steering law are shown in Figure 7-54 through 7-56, respectively. The results
are summarized and compared to the behavior of the L-FACS system in Figures 7-57
and 7-58. When the pseudo-torque feedback steering law is employed, the elec-
tronically steered scissored pair and the L-FACS have equal cross-coupling.
When the constant gain steering law is employed, the scissored pair system with
electronically steered gyros shows the least cross-coupling but the L_FACS is
still better than the mechanically geared scissored pair,

The 4FACS with one gyro failed shows the highest steady-state gimbal rates;
however, the gimbals are still far from being rate~limited.

The results of the study show that the 4-FACS with one gyro failed is
slightly inferior to an electronically steered scissored pair system with one
gyro falled. The L4-FACS performance with one gyro failed, however, satisfies
the design requirements and is not significantly inferior to the scissored pair
performance especially if the pseudo-torque feedback steering law is employed.
The added weight and complexity of the two extra scissored pair gyros, therefore,
are not justified by the slight improvement 1n performance.
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H. LOW TORQUE SYSTEM

A preliminary study was conducted to define some characteristics of a low
torque, low bandwidth system applicable to unmanned missions. The effect of
overall system bandwidth on vehicle rate when subjected to a step torque dis-
turbance was investlgated by consldering system with various bandwidths. Only
one vehicle axis was simulated; the pseudo-torque feedback steering law was used
and the 4-FACS gyro and gimbal loop characteristics remained as in the high
torque system; the compensation network was altered to give the desired band-
width. TFive baslic compensation network configurations were studled as follows:

e Zero at % rad/sec, zero at 10 rad/sec, pole at 50 rad/sec
e Zero at 3 rad/sec, pole at 50 rad/sec

e Zero at 2 rad/sec, pole at 50 rad/sec

e Zero at 1.5 rad/sec, pole at 50 rad/sec

e Zero at 1 rad/sec, pole at 50 rad/sec

In each case, a linear digital computer analysis was performed to determine the
loop galn which gave a damping ratio of 0.7 and the bandwidth corresponding to
that loop gain. The location of the domlnant roots for the five cases 1s shown
in Figure 7-59. In each configuration, the bandwidth determined corresponded to
loop gains for which the damping ratio was within 15 percent of 0.7; a set

of points was thus obtained that spanned a wide range of bandwidths. A step
torque disturbance of 1 ft-1b for one second was applied for each polnt and the
response recorded. Examples of step responses are shown in Figure 7-60. The
maximum vehicle rate attained in each case was determined and all the points
fell within the shaded region in Figure 7-61. The configurations tested did

not necessarily have the best compensation for the desired bandwidth. They

give, however, a good idea of the behavior of an ideal (linear) 4-FACS at vari-
ous bandwidths. With the proper compensation, a system can probably be designed,
the performance of which will fall at least within the shaded area of Figure
7-61. As ghown, when the bandwidth is increased above 10 rad/sec, the low
torque system performance is affected very slightly, and therefore no need exists
to increase the bandwidth of this system much above 10 rad/sec.
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Figure 7-59
Location of Roots for Low-Torque System
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I, BSUMMARY

The analog simulation studles that were conducted show the followlng charac-
teristics of the 4-FACS CMG configuration when used for fine attitude hold of an
Apollo CSM type vehicle:

o Good performance during all mission profile phases
e Attitude error held within 0.1 degree
¢ Rate held within 0.01 degrees/second for most inputs*

e Ability to maintain a small attitude error while desaturating
with RJC method

e Moderate cross coupling with a constant galn steering law**
e Negligible cross coupllng with pseudo-torque feedback steering law

o 3.9 Hz bandwidth capablility with constant gain steering law
and four gyros operative

e 1.35 Hz bandwidth capability with constant gain steering law
and three gyros operative

e 3.9 Hz bandwidth capability with pseudo-torque feedback law,
constant for 3 or % gyro operation

e Adequate galn margin (at least 8 db) for all values of stored
momentum

e System performance with one falled gyro competitive with
performance of scilissored palr system with one falled gyro

The low torque system study showed that the L-FACS configuration is appli-
cable to such a system. If thils study is to be pursued further, a more complete
model of the gimbal loop would be needed to Investigate the effect on system
performance of gimbal loop non~linearities and to establish the ultimate accuracy
achlevable with the 4-FACS configuration.

*One exception is the roll axis rate response to a 25 foot-pound single sinus-
oldal disturbance torque about the X axis.

**0One exception is cross-coupling in the roll axis with input in the Z axis
when gyro No. 1 is failed and momentum is stored in the positive Y axis.
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SECTION VIII
FAILURE MODES, MONITORING, AND FAILURE DETECTION

This section includes the three related areas of failure modes and effects
analysis, parameter monitoring/command, and fallure detection. A breakdown
of the attitude control system failure modes 1s presented which tabulates the
required corrective action and necessary fallure detectlon networks. A tele-
metry list 1s also presented which specifies each parameter to be sent from and
received by the vehicle, the bandwidth, and the accuracy requirement. Block
diagrams showing the various types of fallure detection networks are included.

A, FAILURE MODES AND EFFECIS

The failure modes and effects have been determined for the overall vehicle
control system to establish which failures can occur and thelr effect on system
behavior. The results which are listed in thils section, include the signals to
be monitored to detect a fallure, an identification of the detectlon circuit,
the detection method employed, the necessary corrective action and options, and
the magnitude of the failure effect. The following ground rules and assumptions
were used:

e Only major functional blocks (i.e., attitude reference sensor, rate
gyro, etec) are analyzed. A detalled component (resistor, capacitor,
relay, etc) level analysis was not attempted within the scope of
this task.

¢ Hardover and open type fallures are considered as the only failure
modes for each functional block.

® Fallure effects are classified as:

I. Loss of vehicle control
II. Loss of mission (must repair or replace failed component)
III. Degraded performance

e When a type II failure occurs, a redundant or backup system 1is
normally put into use; therefore, the fine attitude mission must be
terminated and the failed component repaired or replaced. Use of
this technique assumes that during a manned mission the crew could
make the repair or that during an unmanned mission the vehicle
could be returned to a co-orbital repair facllity.
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¢ When a type III fallure occurs, immediate cérrection is not always
necessary. The influence of the degraded performance on the mission
obJectives must be evaluated to determine if the mission can still
be accomplished successfully.

e The fallure mode functional blocks and monitored signals refer to
the overall system block dlagram shown in Appendix F.

The analysis 1dentifies all CMG fallure modes as being of a type II or
lesser category. The only possible type I fallures exist for RJC fallures at
particular mission times or in certain rocket combinations. By employing re-
dundancy in the RJC system thrusters and in the electronics all type I failures
would be precluded as a result of a failure in the attitude control system.

The failure mode analysis (Table 8-1) only indicates possible failures and
their effects, however, and does not indicate at all the probability of a fail-
ure occurring. The reliabllity analysis of Section IX should be used in con-
junction wilth thls section to evaluate the acceptability of the overall design.

B. SIGNAL MONITORING AND COMMAND

The attitude control telemetry signals necessary for monitoring the status
and activity of the system and the command signals required for system control
are listed in Table 8-2. The failure detection networks and control facility are
assumed to be either ground based or on board a larger co-orbltal vehicle such
as a space station or base. As a result, the vehicle can be controlled re-
motely, continuous verification of fallure detection circultry can be provided,
and permanent data storage can be obtained for all system parameters. Each
signal tabulated, which i1s referenced to the overall system block diagram
(Appendix F), includes a description of its form, required accuracy, and sampl-
ing rate.
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C. FAILURE DETECTION NETWORKS

This subsection describes the failure detection networks needed to detect
the fallures described in the FMEA Subsection VIII-A. These networks recelve
the processed telemetry signal (dc or discrete form) and provide a loglcal out-
put signal indicating a functional fallure. These outputs can be combined into
a fallure priority and logic network which issues automatic commands to the
vehicle via the telemetry link when a fallure occurs. Most networks contain
comparison or level detection circuitry combined with a first order filter
which, in turn, provides signal smoothing and prevents false triggering by large
transient spikes. This filter, however, creates a time delay in the fallure de-
tection path and would be not only designed to minimlze the delay and provide
quick correction but also to smooth the signal sufficiently. The circled
letters in the figures (i.e., A1 ) refer to the overall block diagram in
Appendix F. The ten types of fallure networks considered are described in the
paragraphs that follow and shown in Figure 8-1.

(A) Hardover Detector

The hardover detector provides a failure indication whenever the moni-
tored signal exceeds a preset magnitude. An attitude error signal i1s shown as a
typical signal in Figure 8-1.

(B) Compute and Compare Detector

The compute and compare detector computes a signal, Cl, from a combina-
tion of monitored signals and compares it with another monitored signal. If the
required signals do not track within a predetermined amount a failure is indi-
cated. A first order filter precludes false triggering caused by transient
mistracking. This type detector i1s used to monitor the output of a multiple
input network.

(C) Hardover One Shot Detector

The hardover one shot detector determines if a one shot circuit output
exceeds a specified pulse duration. A quickly resettable integrator and a
latching level detector are employed.

(D) Compute and Compare Detector

The compute and compare detector is similar to the previously described
compute and compare detector, except that a threshold and hysteresis network is
necessary to obtain a comparison signal, Pl. This network is used to monitor
the RJC electronic output commands.

(E) Gyro Spin Motor Current Detector

The gyro spin motor detector verifies that the spin motor current is
maintained within a predetermined percentage of a nominal current, Io. During
runup or for dual speed operation the nominal current and limits may be changed.
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(F) Comparison Detector

The comparison detector simply compares two signals (input/output or
input/feedback) and issues a failure indication if they do not track.

(G) Excess Authority Clrcuit Detector

This excess authority circuit detector computes the average value or
duty cycle of the input pulse train and indicates a failure when it exceeds a
predetermined level. This circuit is used during desaturation to ensure that
the RJC system torque authority does not exceed that of the CMG system.

(H) Degaturation Detector

The desaturation detector performs computations on the gimbal angle sig-
nals similar to those in the CMG steering law computer to provide a signal Xl
which can be compared to the steering law RJC commands during desaturation. If
the compared signals do not track sufficiently, a failure is indicated.

(I) Rocket lLogic Network Detector

The rocket loglic network detector determines if the correct rocket com-
mands are given for a particular channel command. Thus, the rocket logic which
determines the rocket conbination that should be fired is verified. The logic
ls given by the following equation:

Fail = [ga{ » (B~ By - Gy - Dl)] +[5{ » (A] + B *C ¥ Dl)]

+ [55_ * (A2 ° B2 . 02 . Dz)] +[._éi . (A2 + BZ + 02 + D2)] (8-1)

¥
It

Positive, roll axis, acceleration command

ﬁi = Negative, roll axis, acceleration command
Al = Rocket Al command signal
A2 = Rocket A2 command signal

10. Rocket Fallure Detector

The rocket failure detector compares the rocket solenold currents and
the pressure transducer signals for each rocket in an "exclusive or" type
circuit. Rocket stuck open and stuck shut failures can thus be determined.

A time delay network allows for rocket buildup and decay times during pulse
operation.
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SECTION IX
RELIABILITY ANALYSIS

A reliability analysis of the 4-FACS was conducted to determine the following:
the interdependency of the various system components, the areas which required
redundancy, and the overall probability of success for 1000 hours. The system
was divided into major subsystem blocks, and the reliability diagram shown in
Figure 9-1 was derived. The dlagram was constructed from the major component
fallure rates listed in Table 9-1 and derived in Appendix E, in conjunction with
the overall system block diagram of Appendix F. Although derived from standard
sources, the reliability fallure rates used in this study are not to be construed
as absolute predictions. Instead, they are used to establish a relative compari-
son of different subsystems. The value of the analysis 1s predicated on having
a conslistent set of data.

Various techniques with different levels of complexity can be used to esta-
blish the overall system reliability. For instance, each mission phase can be
considered separately, the duration and environment of each considered, and the
probability of success data generated. This data can then be combined along with
contingency modes of operation to establish an overall reliability estimate.
Another technique would be to consider the separate RJC and CMG subsystems and
each individual axls chamnel separately, and derive individual probabllity of
success data. Then, this data would be combined to obtain an overall estimate.
In this study, a simplified alternate approach has been used which treats all
mission phases and axes, simultaneously. The series flow of subsystems that
must operate to make a successful mission 1s shown in Figure 9-13; the frequency
of use or "duty cycle" over the 1000-hour mission is taken into account when
computing the failure rate data for each component. A mission failure 1s defined
as follows: the occurrence of a component fallure such that fine attitude
hold cannot be maintained and the performance specifications are not achleved.

A short discussion of each system block follows.

The telemetry system 1s considered in computing the overall rellability since
orbital ephemeris data 1s necessary to establish a roll attitude reference and
failure detection, monitoring, and command signals require an operational tele-
metry system. Only that portion of the telemetry system on-board the vehicle is
consldered in the reliability calculations.

The attitude reference system considered is the fine pointing section only,
consisting of the sun sensor and two-gimbal star trackers. A loss of the single-
degree-of-freedom rate integrating gyros is allowed and therefore not included
since the system could be permitted to drift during the orbital dark period and
re-acquire the sun with the RJC system. Although this technique would require
more attitude rocket fuel the mission could be continued.
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The rate gyros and processing electronics are necessary to provide vehicle
rate damping during all operational modes. Loss of a rate gyro results in an
unstable vehicle. A redundant rate gyro triad used for standby, backup operation
1s, therefore, necessary to ensure a safe vehlcle; this backup gyro however does
not improve the probabllity of success for maintaining fine attitude hold since
a ground rule 1s imposed which requires termination of the fine attitude hold
misslon whenever a backup mode 1s employed, which, if subsequently failed, could
cause vehicle loss. After the backup rate gyro is used, the vehicle must be
serviced by elther an on-board crew or a co-orbital vehicle; therefore, fine
attlitude hold mode must be discontinued after a primary rate gyro failure. The
rate gyro 1s the most probable component to fall during a 1000-hour mission;
however, component Improvement may decrease this failure rate by an order of mag-
nitude during the 1975-1980 time period. Alternate techniques such as derived
rate from the attltude signals may also be successfully employed, and, thereby,
lower the fallure rate. PFurther Investigation, however, must be conducted to
ensure that sensor nolise 1s sufficiently small to make this technique feasible.
When computing the probability of success with a fallure defined as loss of
vehicle (rether than loss of mission), the parallel reliability of the rate gyros
as shown 1n Figure 9-1 can be considered.

The RJC and CMG vehicle loop electronics are considered together as one block
since both are necessary for a fine polnting mission success.

The CMG control computer includes the steering law, desaturation, and ini-
tial angle circuitry. Redundancy 1s not considered necessary for the control
computer during this mission because 1ts fallure rate is of the same order of
magnitude as all other components. The overall reliability, therefore, would
not be significantly enhanced by computer redundancy unless all major blocks
employed backup systems also.

The CMG gimbal loop and rotor are considered as four parallel units, any
three of which operating provide flne attitude hold. The overall conflguration
probability of success, Ps(r) is then

- p b 3
PS(T) =P, + L P, g (9-1)
where
Ps = probabllity of success of a single CMG
xg = (1 - Pg); probabllity of fallure of a single CMG
factoring equation (9-1) gives
=p 3
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Expanding equation 9-2 in terms of gyro failure rate, As, the overall 4-FACS
failure rate 1s:

= - 2
Ysr) TR Pe(r) T 02 (9-3)
where

AS(T) = QOverall configuration failure rate

Note that the individual gyro failure rate, Aoy is effectively squared when
the redundant 4-FACS configuration is used. Since Ag is a very small fraction,
squaring lowers the failure rate many orders of magnitude. The probability of
attaining fine attitude hold with the 4-FACS CMG configuration, therefore, is
0.99991 for 1000 hours, a marked improvement over the individual gyro prob-
ability of success (0.9962 for 1000 hours).

The RJC desaturation block consists of the attitude rockets, jet logic, and
rocket driver electronics. These components are necessary to desaturate the
CMG configuration and allow it to return to a zero momentum state. If an alter-
nate desaturation technlque is used which does not use reaction jets, the over-
all reliability may be improved.

Combining all the failure rates listed in Figure 9-~1 provides an overall
fine attitude control mission probability of success of 0.955 for 1000 hours.
The probability that the vehicle is not lost due to failures is 0.975 for 1000
hours.
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TABLE 9-1

MAJOR COMPONENT RELIABILITY SUMMARY

Major Component

Failures/lo6 Hr

Gyro Rotor and Case
Gyro Rotor Electronics
Gimbal Torquer and Angle Control
Gimbal Control Electronics
Gimbal Angle Synchro }
CMG Control Computer
Vehicle Loop Electronics (CMG)
Vehicle Loop Electronics (RJC)
Rate Gyro and Electronics
Two Axis Sun Sensor and Electronics
Two Gimbal Star Tracker and Electronics
RJC Drive Electronics
RJC Attitude Rockets: X-Axis
Y-Axis
Z-Axlis
Failure Detection and Switching Network
Telemetry

0.787
0.767
0.123
2,094
0.038
4,298
2,082
1.956
21.500
0.758
5.93k4
2,64k
0.220
2.220
0.440
0.788
3.000
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SECTION X
SELECTED SYSTEM DEFINITION

The selected fine attitude control system for both the manned and unmanned
missions considered is a 4-FACS CMG configuration using a pseudo-torque feedback
control law, reaction jet desaturation technique, redundant rate gyros, and a
two-axls sun sensor and a two-gimbal star tracker attitude reference system.

The 4-FACS CMG configuration provides the required attitude hold with four
200 ft-1lb-sec single-gimbal CMG's weighing less than 65 pounds each. Operation
after a single-gyro failure 1s made possible by re-orienting the gyros about
their gimbal axis and slightly modifying the steering law. A pseudo-torque
feedback steering law provides essentially uncoupled torque actuation form the
CMG configuration, thereby, simplifying the control task and minimizing gyro
torquer power. By employing a reaction jet desaturation technique, repeatable
and efficient gimbal angle convergence is accomplished during momentum unloading.
Body-mounted rate gyros give vehicle damping and are used in a redundant con-
figuration to give sufficient system rellability.

The attitude reference system employs a two-axlis sun sensor and a two-gimbal
star tracker in the primary attitude hold mode. This maintains the X-vehicle
axis polnted at the sun and the Y-axis in the orbital plane. During the dark
part of the orbit, three Single-Degree-Of-Freedom (SDOF) rate integrating gyros
establish the attitude reference.

The principal system characteristics are summarized in Table 10-1. Other
sections of this report contain detalled information about the different sub-
systems. Two performance specifications released separately: "A 200 ft-1b-
sec Single-Gimbal CMG Performance Specification ¥ and "A 4-FACS Steering Law
Computer Performance Specification " supply detailed design specifications for
the principal CMG components.
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TABLE 10-1

4.FACS SYSTEM CHARACTERISTICS

Value
Characteristics Unit
Manned | Unmanned

Attitude Hold Accuracy <0.1 <0.001 deg
Attitude Hold Rate Error <0.01 <0.0001 | deg/sec
Control Torque 25 2 ft-1b
Bandwidth 3.5 1.5 Hz
Reliability (1000 Hr), P, = 0.955 0.955 -
Number of CMG's 4 L Single Gimbal
CMG Momentum 200 200 ft-1b-sec
CMG Unit Weight 61 48 1b
Overall System Weight 305 252 1b
Overall System Average 92 117 W
Power
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SECTION XI
CONCLUSIONS AND RECOMMENDATIONS

A. SUMMARY

After considering the design mission requirements, deriving the vehicle
disturbance torques, and performing a system comparison study, the 4-FACS CMG
configuration was chosen as the preferred fine attitude control system. The
4L_FACS configuration was selected since it has the best combination of low system
welght and power, good accuracy capability and high reliability. The other
systems considered were a reaction wheel system, scissored-palr CMG system, and
a reaction control jJet system. The L4-FACS was synthesized, CMG's sized to meet
the performance requirements and an analog computer simulation was conducted to
evaluate system performance. Three-axis simulations were run to investigate the
following:

L4L.FACS Constant Gain Steering Law

L4L-FACS Pseudo-Torque Feedback Steering Law

L.FACS One-Gyro Falled Operation

Momentum Desaturation Techniques

Scissored Pair CMG Configuration with One Gyro Failed

Low Torque System (Unmanned)

The simulation results indicate that the 4-FACS CMG configuration will give
acceptable performance with some cross-coupling when operating with a simplified
constant gain steering law; however, a pseudo-torque feedback steering law pro-
vides much better performance and was chosen as the preferred law. The pseudo-
torque law essentially eliminates gyro cross-coupling and enables the CMG
performance to remain unchanged during momentum storage and even after a single
gyro failure. The selected desaturation technique computes the stored momentum
about each vehlcle axis and pulse-modulates the reaction jets to unload the CMG
system. Thils method provides stable and repeatable convergence for all three-
axis-momentum combinations within the CMG envelope. A scissored-palr CMG con-
figuration with one falled gyro was also simulated and compared to the falled
4L-FACS configuration; no particular advantage was found when the scissored-pair
gyros were used. A brief, low-torque, 4-FACS CMG simulation was also run to
identify aceuracy and bandwidth relationships for an ideal linear CMG control
system.

Other related accomplishments during the study were:

e Development of 4-FACS momentum envelope models
e Derivation of 4-FACS stability envelopes

e System reliability analysls

e FMEA and failure detection analysis
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o Definition of Operational Procedures
o Generation of 200 ft-lb-sec CMG Performance Specification
e Generation of Y-FACS CMG Steering Law Computer Performance Specification

B. CONCLUSIONS
The following principal conclusions can be drawn from this study:

® A 4-FACS CMG system can precisely hold spacecraft attitude for both
manned and unmanned misslons

e A L4L-FACS CMG configuration is preferred over reaction wheel, CMG scissored
pair, and reaction Jet attitude control systems for the chosen missions

° % ?IFACS CMG configuration performs acceptably even after one gyro
allure

e The 4-FACS CMG system 1s lightweight, consumes a moderate amount of
electrical power, and has high relia%ility

C. RECOMMENDATIONS

This study has proven the feasibility of using the L-FACS CMG configuration
for fine attitude hold and has established its merits relative to other control
techniques. Now it 1s necessary to apply the configuration to a particular
vehicle deslgn and investigate in detall the system performance when detalled
CMG models are employed. In addition, during this study other interesting con-
cepts for using CMG's and momentum exchange devices were discovered; however,
these concepts were not investigated because of the limited scope of the study.
As a result, recommendations for further study are:

o Conduct a system design study which will establish the ultimate accuracy

which the 4W~FACS configuration can provide. A particular mission and
vehicle should be selected for this design task.

¢ Consider the influence of CMG non-linearities, by using detailed math
models, on the 4-FACS CMG system performance.

e Compare the 4-FACS configuration to other 4-CMG configurations capable
of operation when one gyro has falled.

e Determine the effectiveness of the U-FACS CMG configuration to provide
slew and track capablility as well as fine attitude hold.

o Consider dual rotor speed CMG operation. This could provide maneuvering
capabllity at high speeds and precision control at low speeds,

e Consider the use of variable rotor speed CMG's in a 4-FACS configuration.
e Consider hybrid momentum exchange configurations using reaction wheels

and CMG's to provide maneuvering and precision control capability for
space vehlcles.
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APPENDIX A
DISTURBANCE TORQUE DERIVATION

This appendix derives the gravity gradient and aerodynamic disturbance
torque equatlons used in the study.

A, GRAVITY GRADIENT TORQUE

To derive the gravity gradient torque acting on a rigid body satellite in a
cicular orbit a useful set of equations (ref 9) is:

3G R?
Lxg= R3 (p-roYV) (}.Lro?v) (IZZ-IYY)
Q
3¢ RZ
Lyg:-e-&-R3 (B « Z) G o X)) (I, - I, A-1
0
3¢ RE
0

where:

Lxg’ Lyg’ ng = Gravity gradient torque megnitudes

Ge = Gravitational acceleration at earth's surface
Re = Mean radius of earth
Ro = Distance from earth's center to spacecraft
‘iv’ i&, E; = Body oriented spacecraft vectors
Ixx’ Iyy’ Izz = Spacecraft moment of inertia

E} = Gravity vector

The vector dot products can be evaluated for the design mission by referring
to the coordinate geometry, Figure A-1l. The vehicle is always oriented such that
the Xv axis 1s maintained parallel to the Ys axis (sun line) and the Y& axis is
held in the orbital plane X, - Yo. The vehicle's position in the orbital plane
with respect to the Yb axis is given by the angle, n, and the vector from the
center of the earth to the vehicle's center of mass is given by Ry bp+ The dot
products are derived by obtaining the projection of the gravity vector,'ﬁ} into
the vehlicle coordinate system with the Xv and Y& axls in the orbitel plane

184



SUNS
ECLIPTIC
PLANE
ORBIT PLANE
EQUATORIAL
PLANE
Y
o
v
——— VEHICLE
POSITION

700 = g
Xe' Xo, Xs

Figure A-1
Coordinate Geometry

185



X, - ¥,y and then rotating the vehicle about the Y, axis by an amount y; the

aggle between the orbital and ecliptic plane.
¥p * 2; cos y 0 -sin ¢ [(cos 1
T ?; = o 1 o sin 1 (A-2)
[P Z sin y 0 cos o
[ 2; cos y cos 1 |
bp ;fv = sin g (4-3)
i Z; sin y cos

Substituting equation (A-3) into equation (A-1) and letting n = “bT7 where

w = orbital rate, gilves:

L (Izz - Iyy> (sin y)sin 2 w,T
3677 1
Ly = p— (Ixx - Izz) 5(sin 2y)(1 + cos 2 @ T) (A-L4)
[s)
L, (Iyy - Ixx> (cos v) sin 2 T
. -gr . -
For the deslgn misslon under consideration at a 250 N.M. circular orbit:
R, = 2,093(10)7 £t
G, = 32.2 ft/sec’
I, = 18,200 slug-t°
I, = 56,100 slug-ft°
I,, = 60,000 slug-ft?
y = 56.45 degrees
Substituting these values into equation (A-L) gives:
o r .
Lx 0.613 sin 2 “bT
L, = |-3.63 L+ cos 2 @D} (10072 £t-1p (A-5)
Lz 3.96 sin 2 a%T
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B. AERODYNAMIC TORQUE

The approximate aerodynamic torques acting on a rigid body vehicle in a
circular orblt are derived using the following simplificatlions:

® A constant atmospheric density which 1s the average of
"day" and "night" atmospheric densities

o A constant vehicle drag coefficilent

The vehicle in Figure A-2 1s the simplified CSM model used in
deriving the aerodynamic torques. The center of pressure (CP) is located in
the Y& - Zv plane at statlon 982.5". The center of gravity is offset from the
CP such that

lx = 32 Inches
1y = 1.3 inches
lz = -6,1 inches

The total normal surface area, An, 1s 254 square feet. The drag coefficient
for a 90-degree angle-of-attack (perpendicular to the longitudinal axis) can be
calculated using equations developed by Davison (ref 10), employing free mole-
cular aerodynamic theory.

T
o ) D
c = 3%- + =l + 2 (A-6)
D y = I s Lo 2 LS
-2

which for this misslon gives CD = 2,15. The average dynamic pressure, q, at a
250-N.M. orbit using the ARDC 1959 atmospheric model density p = 7 x 10717 s1/ft3
is:

q=%p V= 2.21(1007° 1p/1¢

and the maximum normal drag force, Dy becomes

Dy =aCp A= 1.2(10)"3 pounds (&~7)

With the vehicle orientation and orbit of Figure A-1, the normal drag force
acting on the CP will be:

i
Dy (t) = [Dyz(t) +0,2(1)] 2 (A-8)
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&

D_(t) and Dz(t) can be obtained by deriving the drag on the vehicle when
Xv and Yv are in the orbital plane, and then pitching the vehicle by the angle

between the orbital and ecliptic plane.

r ha ~ “ r'
D (%) cosy o =-siny
Dy(t) = o 1 o -sin wt cos @t o
Dz(t) siny o cosw o o
or: - - - 4 L
(D_(t) ] (cos y sin w t ]
% cos y W,
Dy(t) = |cos wt
Dz(t) sin y sin w_t

-

Substituting the results of equation (4-10) into equation (A-8) gilves:

Dy(t) =Dy (1 - cos2-y sin® wot)

-

1/2

sin o]
cos wot wot

1

-

(A-9)

(A-10)

(A-11)

Finally, the aerodynamic torque will be the cross product of the vehicle drag
forces and moment arms between the CP and CG: [T]=[1] x[Fl. Therefore, the aero-

dynamic torque is:

o _ _
x o -1, 1]
Ty = 1, o -1x o 1
T
L Z_‘
Aero __'1y lx o ) -sin-y o]

For the design mission under consideration with v = 56.45 degrees and the
moment arms previously listed equation (A-12) reduces to:

T = DN(t)

~ - Aero
where:

Dy(t) = Dy (1 -0.3 sin®wt)

cos ¥y o =~sin ﬂ

o} -sin wot cos wot 0

cos ¥ o

—

r -
-0.5 cos wot

J L

-1.95 sin wot

2.67 cos wot

p

1/2
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C. AN ALTERNATE ORIENTATION (XOP)

As discussed in this report, the size of the momentum exchange system 1s
largely determined by the magnitude of the secular gravity gradlient torque;
therefore, an alternate orientation which places the X-axis in the orbital
plane (XOP) and reduces the secular torque should be considered if other
mission constraints allow 1t.

The X-axls can be placed in the orbital plane by simply rotating -90 degrees
about the Z-axis. Then, the Y- xis points at the sun and the X-axis is in 180-
degree opposition to the vehicle velocity vector. For this orientation the
gravity gradient torques acting on the vehicle axes are

er 0.613 (1 + cos 2 on)§
' 1
-2
: = . - A-
| Ly 3.63 sin 2 T | (10)™° f£t-1b (A-14)
LZJ -3.96 sin 2 T

As demonstrated by comparing equation (A-14) with equation (A-5), the secular
torque has been reduced by approximately six times. Consequently the total
momentum caused by the secular torque per orbit is only about 40 instead of
200 ft-1b-sec. The Y- and Z-axis have approximately equal cyclic requirements
which call for equal momentum capabllity about those two axes. Of course, the
aerodynamic and solar torque must also be considered for this new orientation.

Assuming their contribution to the momentum requirements remain small at this
altitude, the momentum envelope 1s approximately a 40 ft-lb-sec cube.
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APPENDIX B
ATTITUDE REFERENCE SYSTEM

An attitude reference system capable of meeting the mission requirements
and consisting of a two-axls, sun sensor assembly; two-gimbal star tracker; and
three strapdown, single-degree-of-freedom rate integrating gyros 1s described
in this section. This system i1s meant to be representative of a fine attitude
reference capable of satisfying the manned mission requirements and 1s not
Intended to be the optimum choice. To choose the "best"” attitude reference, a
more detalled comparison, which consliders power, welght, reliability, non-
linearities, alignment errors, etc, would be necessary and is beyond the scope
of this study.

The vaaxis of the vehicle i1s pointed at the sun by using a two-axls sun
sensor to provide pitch and yaw axls control as shown in Figure B-1. During
the sunlight part of the orbit, an electronic switch, shown schematically as a
relay, 1s in the position shown. The attitude error signal from the sun-sensor
1s used for vehicle control. Two single-degree-of-freedom rate integrating
gyros aligned to the pitch and yaw axls are placed in a follow or caged mode
during the sun sensor control period. This technique keeps the gyro pickoff
slgnal at zero by torquing the gyro gimbal axis to follow the strapdown case
motlon and prohibits gyro drift from causing loss of reference. When the
vehlcle enters the twilight or dark portion of the orblt, the sun sensor output
is disconnected from the channel input and the rate lntegrating gyros are
uncaged to provide an attitude reference signal.

When the vehicle loses sun acquisition for 15 minutes during the orbit, the
gyros, which possess random drift, cause attitude errors to exist at time of
re-acquistion. To avold large attitude error inputs and excessive maneuvering
when the sun sensor hold mode is resumed, the rate integrating gyros must not let
the reference drift more than 0.025 degree; therefore the gyro random drift rate
must be less than O.1 degree per hour.

The roll axls attitude reference system aligns the Yv—axis into the orbital
plane by employing a two-gimbal star tracker as shown in Figure B-2. The star
tracker is mounted to a base within the inner gimbal of a two gimbal platform
arrangement. The outer gimbal axis is colinear with the vehicle Yv-axis and
the inner gimbal axis 1s collnear with the Xv-axis. When the gimbal axis
6, = b5, = 0, the tracker and vehicle axls are coincident. An attitude reference
computer operates wlth the star tracker platform to provide search and track
operaticnal modes as well as to compute the roll attitude error from platform
angle and orbital ephemeris information.
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When the attitude reference system 1s in operation and after sun acquisition
18 achieved, the star tracking system 1s motor-driven in the gearch mode
until a known star 1s acquired. The gimbal angles, bl and ba,ara compared in
the computer with the gimbal angles that would exist if the Y-axis were aligned
in the orbital plane. Of course, orbital ephemeris information from ground
track or a co-orbital vehicle 1s necessary to establish the desired angles 51p
5op° With the star tracker in a track mode, the platform angle errors are:

5 g b1p = %
bop bop - b5

This error 1s used to create a roll attitude error, be and maneuver the
vehicle so that blE and sz are driven to zero. Subsequently, the attitude
reference system continues to track and produce an attitude error signal. An
accuracy capabllity of 0.05 degree is expected with this technique if sufficient
accuracy 1s contalned in the orbital ephemeris data and the required resolution
is avallable in the platform angular pickoffs.

During the dark time of the orbit, a Single-Degree-Of-Freedom (SDOF) rate
integrating gyro is used to generate the roll attitude error signal in a similar
manner to that employed in the other two axes.

Some component specificatlons of available type sun sensor, rate integrating
gyro, and gimballed star tracker which would satisfy the requirements are pre-
sented in Table B-l,
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TABLE B-~1
ATTITUDE REFERENCE SYSTEM

o Two-Axis Sun Sensor Assembly

H

Angular Range
Angular Accuracy

+5 degrees
+2 arc minutes

i

Power = 1.2 watts at 28 vde
Welght = 2 pounds
Output = 2 vdc/deg

e Three Single-Degree-of-Freedom Rate Integrating Gyros

Angular Momentum 5 (10)5 dyne-cm-~sec
Output Axls Freedom = x1 deg

Random Drift 0.01 deg/hr

Power 25 watts

Welght 3 pounds

o Two Gimbal Star Tracker Assembly

Angular Range = +85 degrees
Angular Accuracy = *3 arc minutes
Slew Rate = +5 deg/min
Power = 10 watts
Welght = 10 pounds
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APPENDIX C
CONTROL MOMENT GYRO DESCRIPTION

This sectlon briefly describes the mechanical design, a typical installation,
and the vehicle interface of the 4-FACS gyro specified in Section V.C. The
4-FACS gyro requiring 200 ft-lb-sec momentum capability uses a design similar to
the 100 and 500 ft-lb-sec gyros already successfully built and tested at Sperry.
The twin gyro assembly and vehicle installation 1s a suggested design for imple-
menting the 4-FACS CMG configuration into the Apollo Service Module. Many other
techniques can also be used to implement the 4-FACS configuration and the final
scheme selected would depend on a detailed configuration study of the combined
gyro and vehicle systems.

A, MECHANICAL DESIGN

The basic design features of the single gimbal CMG proposed for the L4-FACS
installation are the following:

o Bimetal shell type rotor

Large inertia to weight ratio
High strength

Good balance stability

High stiffness

e Direct Drive Torquer Module

Simplified Design
High rellabllity
No gear backlash
Extremely good angular resolution

Long Life Spin Bearing and Lubrication Scheme

Bearings preloaded in duplex pairs
Hlgh reliability self-contained lubrication system

¢ Inner Gimbal Position Sensed by Resolver and Synchro

Speed Pickoff

Brushless DC Spin Motor
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Design studies have shown that these features satisfy the requirements for
a fine attitude hold CMG. The Sperry high torque single gimbal CMG is shown as
an example of a typical minimum equivalent weight design. A cutaway
drawing of this gyro is shown in Figure C-1 and the 4-FACS CMG would be very
similar in 1ts basic design. The primary difference being that the 4~FACS
CMG will employ a direct-drive rather than a dual torquer. Outline dimensions
for the proposed 4-FACS CMG are given in Figure C-2.

B. GYRO INSTALLATION

The 4-FACS CMG installation will consist of two twin gyro assembly units
mounted on beam supported shelves. Schematic drawings of the twin gyro assembly
and the mounting structure are shown in Figure C-3. The truss type support of
the CMG's consist of 0.50 0.D. tubular aluminum members, which will provide a
high stiffness to weight ratio. The twin gyro assembly design allows installa-
tion of the system with a minimum volume penalty.

Mounting within the Apollo service module would be on a shelf that consists
of a ring which 1s tled to the module wall structure by support beams. The

center ring of the twin gyro assembly mounts directly to the shelf ring.
This installation provides adequate stiffness to ensure that axis alignment

is maintained within required limits. Overall dimensions of the twin gyro
assembly are given in Figure C-h.
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MOUNTING STRUCTURE 700-3-42

Figure C-3
4-FACS CMG Installation
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Figure C-l
Dual CMG Assembly
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APPENDIX D
ANALOG COMPUTER DIAGRAMS

Diagrams of the AD-U4 analog computer networks used in the simulation
discussed in Sectlon VII are included in this section.

Symbols used in the dlagrams are shown in Filgure D-1; a complete dlagram
of the 4-FACS simulation 1s shown in Figures D-2 through D-5. The basic model
(vehicle, constant gain steering law, gimbal dynamics, momentum transfer) is
shown in Figure D-2; dliagrams for the RJC system, in Figure D-3., Pseudo-torque
feedback steering law is shown in Figure D-4; desaturation and gyro failure
schemes as well as the network for engaging the 4-FACS, in Figure D-5. A dia-
gram for the low-torque 4-FACS simulation is shown in Figure D-6; the scissored
palr system diagram, in Flgure D-7.
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APPENDIX E
COMPONENT FAILURE ANALYSIS

This appendix presents the pilece part fallure rates of each system component
listed in Table 9-1. The failure rate information is from many standard sources
including Sperry in-house gyro life test and field data as well as standard
sources such as references 7 and 8. Mission related stress factors have been
applied to the basic failure rates to derive the part fallures per million hours.
Each major electronic component includes a regulated dc power supply, and thus
maintains isolation bétween unit failures. The rate gyro has the largest fallure
rate which is predicated on standard inertial grade rate gyro fleld data such as
the Sperry RGl000 field data. It is anticipated that a high reliability unit with
component improvements can be produced in the 1975 - 1980 period that will lower
this fallure rate by an order of magnitude.

Quantity Component Part gailure Tota16Fa11ure
10™ hr 10" hr
CMG GYRO ROTOR AND CASE
1 Spin Motor 0.089 0.089
L Spin Bearings (Duplex Pairs) 0.146 0.580
3 S1lip Rings 0.020 0.060
1 Hermetic Seal 0.058 0.058
OVERALL - 0.787
CMG GYRO ROTOR ELECTRONICS
1 Rotor Tachometer 0.013 0.013
1 Inverter - (20% Duty Cycle) 0.754 0.754
OVERALL 0.767
CMG GIMBAL TORQUER AND ANGLE CONTROL

1 Torquer Motor 0.085 : 0.085
4 Gimbal Bearings , 0,002 0.008
Tachometer 0.030 0.030

OVERALL 0.123
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Part Failure

Total Failure

Quantity Component 10 np 106 hr

CMG GIMBAL CONTROL ELECTRONICS
8 Operational Amplifiers (IC) 0.05 0.400
60 Resistors 0.005 0. 300
12 Transistor (Low Level) 0.02 0.240
12 Capacitors 0.0C3 0.036
6 Transistors (High Level) 0.05 0. 300
12 Diodes (Switching) 0.01 0.120
2 Transformers 0.1 0.200
400 Solder Joints 0.0001 0.040
1 DC Regulated Supply 0.458 0.458
OVERALL 2,094

GIMBAL ANGLE SYNCHRO

1 5 Wire Synchro 0.038 0.038
OVERALL 0.038

CMG VEHICLE LOOP ELECTRONICS
12 Operational Amplifiers (IC) 0.05 0.600
6 Transistors (Low Level) 0.02 0.120
Flip-Flops 0.035 0.109
Loglc Gates 0.03 0.180
80 Resistors 0.005 0.400
18 Capacitors 0.003 0.054 "
12 Diodes 0.01 0.120
450 Solder Joints 0.0001 0.045
1 DC Regulated Power Supply 0.458 0.458
OVERALL 2,082
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Quantity

Component

Part Failure

Total Fallure

10° nr 10° hr
CMG CONTROL (STEERING LAW) COMPUTER
20 Operational Amplifiers (IC) 0.05 1.000
100 Resistors 0.005 0.500
30 Transistor kLow Level) 0.02 0.600
30 Logic Gates 0.03 0.900
30 Diodes 0.01 0.300
50 Capacitors 0.003 0.150
2 Transformers 0.100 0.200
1 Connector (20 pin) 0.100 0.100
900 Solder Joints 0.0001 0.090
1 DC Regulated Power Supply 0.458 0.458
OVERALL 4,298
RJC VEHICLE LOOP ELECTRONICS
9 Operational Amplifiers (IC) 0.05 0.450
3 Transistors (Low Level) 0.02 0.060
12 Logic Gates 0.03 0.360
90 Resistors 0.005 0.450
6 Capacitors 0.003 0.018
12 Diodes 0.01 0.120
400 Solder Joints 0.0001 0.040
1 DC Regulated Power Supply 0.458 0.458
OVERALL 1.956
RATE GYRO AND ELECTRONICS

1 Miniature Inertial Rate Gyro 20.0 20.0
1 Demodulator Electronics 0.50 0.50
1 Pickoff Excitation Electronics 0.50 0.50
1 Spin Motor Electronics 0.50 0.50

OVERALL 21.5
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Part Failure

Total Failure

Quantity Component 6 6
10* hr 10 hr
DUAL DC REGULATED POWER SUPPLY
8 Diodes (Switching) 0.010 0.080
2 Diodes (Zener) 0.015 0.030
L Transistors (Switching) 0.020 0.080
2 Transistors (Power) 0.050 0.100
6 Capacitors 0.003 0.018
10 Resistors 0.005 0.050
1 Transformer 0.100 0.100
OVERALL 0.458
(75T LOGIC AND SOLSNOID DRIVERS)
39 Transistors (Low Level) 0.020 0.780
12 Transistors (Power) 0.050 0.600
90 Resistors 0.005 0.450
27 Diodes 0.010 0.270
12 Capacitors 0.003 0.036
500 Solder Joints 0.0001 0.050
1 DC Regulated Power Supply 0.458 0.458
OVERALL 2.644
RJC ATTITUDE ROCKETS
N Y-Axis Rockets [6.4 (10)° cycles] 0.347/10° 2.22
(213 ft-1b-sec/orbit) eycles
4 Z-Axis Rockets [1,28 (10)® cyclesl|  o0.3u7/10° 0.4k
(48 ft-lb-sec/orbit) cycles
4 Xhxis Rockets (5.6 (10)? cyeles] 0.347/10° 0.22
cycles
2.88

OVERALL
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Quantity Component Part gailure TotaléFailure
10” hr 10" hr
TWO-AXIS SUN SENSOR AND ELECTRONICS
4 Solar Cells 0.01 0.040
2 Operational Amplifiers (IC) 0.0% 0.100
15 Resistors 0.005 0.075
50 Solder Joints 0.0001 0.005
1 Connector 0.08 0.080
1 DC Regulated Power Supply 0.458 0.458
OVERALL 0.758
TWO-GIMBAL STAR TRACKER AND ELECTRONICS
2 Gimbal Torquer and Angle Control 0.123* 0.246
2 Gimbal Control Electronics 2.094* 4,188
1 gfg:tsgggggr Sensor and 0.50 0. 500
1 Roll Reference and Update 1.0 1.000
Computer
OVERALL 5.934
VEHICLE ON-BOARD TELEMETRY SYSTEM
1 On~-board Receiver Decoder/ 3.0 3.0
Transmitter
OVERALL 3.0
FAILURE DETECTION AND SWITCHING NETWORK
2 Operaticnal Amplifiers (IC) 0.05 0.100
Logliec Gate 0.03 0.030
L Transistors (Switching) 0.020 0.080
16 Resistors 0.005 0.080
2 Diodes (Zener) 0.015 0.030
100 Solder Joints 0.0001 0.010
1 DC Regulated Power Supply 0.458 0.458
OVERALL 0.788

*Gimbal control complexity assumed equal to gyro gimbal loop complexity.
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APPENDIX F
OVERALL SYSTEM BLOCK DIAGRAM



APPENDIX F
OVERALL SYSTEM BLOCK DIAGRAM

The overall 4%-FACS CMG Fine Attitude Control System is shown in the block
diagram following this page. The complete three-axis system is shown in this
block diagram which depicts the interconnections between main functional areas.
Telemetry monitoring points are indicated by encircled letters (i.e., ) and
refer to the signals listed in Subsection VIII.B.

The primary functional blocks shown are the following:

Attitude Reference System

Rate Gyro Systenm

RJC Vehicle Electronics

CMG Vehicle Electronics Computer
CMG Control (Steering Law) Computer
CMG Gimbal Rate Loop

Vehicle Model
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